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Abstract 
 

Geochemical study of trace and critical elements in chalcopyrite and pyrite from

the Assarel Porphyry-Cu-Au deposit, Bulgaria

Liz Lobo

The European Union’s high dependence on critical material and metals from countries outside the

EU has driven the European Commission to support projects focused on studying trace elements on

highly productive ore bodies and active mines in the continent. These trace elements can be hosted

in the main ore minerals such as pyrite and chalcopyrite in Cu rich deposits, which can become

important sources of critical metals to supply their increasing demand. An example of such an ore

body is the Assarel Cu- Au porphyry deposit in Bulgaria, one of the four pilot sites of the Horizon

2020 X-Mine project, in which this thesis was part of. The use of novel technologies such as the

Orexplore GeoCore X10, a drill core scanner that uses coupled with X-ray computed tomography

(XCT) and X-ray fluorescence (XRF), will play a key role in assessing critical element distributions

in mineral deposits and improving mining efficiencies. This scanning technology generates XRF

geochemical data and XCT image in few minutes, enabling the 3D digital visualisation of the drill

core associated with chemical data, which can optimise future exploration procedures. This study

was undertaken to investigate the occurrence and distribution of trace elements in the ore phases of

the deposit, pyrite and chalcopyrite, as well as classify the samples according to the different vein

types established for the deposit and to identify among the trace elements, whether various critical

metals occur in these ore mineral phases. In this study, scanning XRF/XCT, LA-ICP-MS and EPMA-

EDS analyses were performed on samples selected along drill hole XM001 located in the centre of

the Assarel mine. The novel technology was able to accurately detect the major elements S, Cu and

Fe, that mark the occurrence of the main ore minerals from the Assarel deposit. This tool has the

potential to give support and guide exploration campaigns. However, further adjustments are

necessary to improve the detection of minor and trace elements. The study classified two samples as

a V1-type, which is associated with the early main Cu-stage, one as V2, four as V4-type and four as

V3, all related to the main Cu-stage. Most samples (six) were classified as V6-type, corresponding

to a later ore stage. Overall, chalcopyrite from the central part of the Assarel deposit contains

enrichment in Zn, Se, Au, Ag, Pb, Bi, Cd, In, Sn, and Te, whereas pyrite in Bi, Co, Se, As, Ni, Sn,

Cu, Te, and Pb. Based on the average concentration and relative to the vein types, pyrite from the

V1-type present an enrichment in Co (133ppm), Ni (23ppm) and Se (255ppm). For the magnetite-

bearing vein V2-type, chalcopyrite and pyrite exhibited enrichment in Ag (42ppm), Se (474ppm),

Ga (215ppm) and Co (673ppm), Se (293ppm), As (86ppm), and Ni (39ppm), respectively. However,

only one chalcopyrite crystal was analysed for this vein type due to its scarcity in the sample. For the

V4-type, pyrites are rich in Pb (20.90ppm), and chalcopyrite in Se (308ppm), Ag (15ppm) and Pb

(59ppm), respectively. Lastly, V6-type presented higher concentrations of Te (34ppm), Pb (19ppm),

and Bi (13ppm) for pyrite and Zn (16ppm), Cd (9ppm), and Bi (10ppm) for chalcopyrite. The results

also have shown that pyrites from Assarel deposit host a variety of inclusions, such as chalcopyrite,

galena, sphalerite, Bi-bearing phases (possibly bismuthinite), Ag-tellurides, Pb-tellurides, Co-, Ni-

minerals, some silicate phases, among others. While chalcopyrite may carry inclusion of sphalerite,

galena, silicate phases rich in Ga and Sb. The Cd/Zn ratio in chalcopyrite suggests that this mineral

was crystallised under distinct local physiochemical conditions, as previously suggested by other

authors. The Co/Ni, Ag/Co and Co/Cu ratios in pyrite suggest that this ore mineral might have been

formed under intermediate to lower temperature conditions, agreeing with the temperature range of

250-350ºC from which the quartz-pyrite-chalcopyrite assemblage was precipitated. Among the 2020

EU critical raw material list, In, Co, Ga, Sb and Bi were identified in the ore mineral phases, locally

reaching relatively high concentrations. Notwithstanding, supplementary feasibility studies are

necessary to better understand the distribution of these critical metals in the deposit.

Keywords: Critical metals; Trace elements; Cu-Au porphyry deposit; Orexplore GeoCore X10; LA-

ICP-MS.
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1. Introduction 

Copper porphyry deposits are the biggest producer globally of copper and molybdenum, and the second 

largest producer of gold. Besides, they are an important source of other trace elements such as silver. 

The 2020 European Commission list of critical metals revealed (highlighted) 30 materials in need based 

on their economic importance and supply risk. Among them, some high-tech elements can be found in 

Cu porphyry deposits, such as Bi, Co, Re, In, Ga, Ti, Sb, Se and Te. Chalcopyrite, bornite and pyrite are 

the main ore phases in Cu porphyry deposits, and they can carry a wide range of these trace elements. 

Thus, studies associated with trace elements in this deposit type deserve greater attention and are vital 

to identify critical metals and other important trace elements that could eventually become a by-product 

from the main base-metal production if they reach economic concentration. 

Assarel Medet JSC Mining and Processing Complex is the biggest and leading Bulgarian open pit 

copper mining and copper processing company in Europe. Assarel deposit, in which the main two ore 

minerals are chalcopyrite and pyrite, is one of the four pilot sites of the Horizon 2020 X-Mine project 

(Lundin et al., 2019). The X-Mine project brings novel technologies such as Orexplore GeoCore X10, 

a drill core scanner coupled with X-ray computed tomography and X-ray fluorescence, to be validated 

and hence contribute with the mining industry transformation towards a more sustainable future. 

Orexplore GeoCore X10 is a portable tool that generates in few minutes not only 3D XRT imagery, but 

also XRF analysis improving digital 3D mineralogical, textural, and structural visualisation of drill cores 

(Bergqvist et al., 2019). 

Besides supporting the X-Mine project and the validation of Orexplore GeoCore X10 technology, 

this master thesis contributes by generating more knowledge regarding the trace elements and critical 

metals in Assarel deposit associated with the main two ore phases, chalcopyrite and pyrite, from the drill 

core XM001, drilled in the centre deeper part of Assarel Cu-Au ore body. This geochemical study also 

counts on microscopy for better investigation of the mineral texture and parageneses, as well as LA-

ICP-MS analysis of clear surfaces of the target minerals to understand the distribution and concentration 

of the trace elements in the ore phases. Additionally, EPMA-EDS analysis was performed to identify 

minor inclusions. 

1.1. Critical Metals and Trace Elements 

The world’s trend towards electromobility, industrial processes, and energy systems along with 

population growth and industrialisation - these later two more intense in developing countries -reflects 

in the global growing demand for raw materials. Due to the nature of carbon-free technologies, some 

raw materials experience a greater increase in demand, and the fact that most of them are sourced from 

few countries has been creating a strong dependency for many places including the European Union. 

This unbalance situation causes economic, environmental, and social tensions around the globe, 

therefore there is an emergency to invest in the diversification of primary and secondary sources, as well 

as in circular economy, the improvement of resource efficiency and sustainable product design 
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(European Commission, 2020a). 

Currently, the EU is more than 70% reliant on imports for most metals and this percentage increases 

when narrowing the list to the critical raw materials (European Commission, 2018). Furthermore, the 

EU has an ambitious plan, the Green Deal, to achieve zero net carbon emissions by 2050, along with the 

disassociation of economic growth from the use of natural resource, the transformation of the “EU into 

a fair and prosperous society with a modern, resource-efficient and competitive economy” – Siddi 

(2020) – through strategic actions including shift the investment to green technologies, international 

cooperation with third partners to exchange technologies, and adjust carbon borders (Siddi, 2020). 

To achieve these goals several raw materials were listed as critical for the EU by the European 

Commission in 2011. The most recent list was updated in 2020 and points out 30 critical raw materials, 

mostly metals. The selection of these raw materials is based on two parameters: economic importance, 

and high supply risk (Fig. 1). Economic importance reflects the allocation of raw materials to end-uses 

in terms of industrial applications, while supply risk focus on the geographic concentration of production 

of primary raw materials and sourcing to the European Union. The second parameter also includes the 

“governance of supplier countries in terms of environmental aspects, recycling contribution, 

substitution, EU import reliance and trade restrictions in third countries” (European Commission, 

2020a). 

 
 

 
Figure 1. Critical raw materials 2020. Source: European Commission (2020b). 
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In this context, the study of trace elements grows in relevance because within the critical metals, some 

are considered as traces in nature. Trace elements are described as elements with lower concentration – 

less than 0.1% - in some geological materials, usually occurring as minor phases or substitutions in 

either rock-forming or accessory minerals, not influencing considerably which minerals crystallise. 

Same elements can be, however, considered as trace element in one rock and major element in another, 

like K in basalt and in granite, respectively (Gill, 1996). Due to their unique characteristics, deposits 

with high concentration and composed mainly of these metals are rare. Therefore, it is common that the 

economic feasibility to recover these metals relates to the prices of the major elements - base metals 

such as copper and nickel, for example. This creates another challenging situation for their primary 

extraction, which also involves environmental and social issues. 

Beyond the economic, environmental, and social aspects, trace elements have been widely studied 

over the years to understand the evolutional history of the Earth. Their special characteristics of higher 

sensitivity over small changes in the system and larger variations in concentrations than major elements, 

provide unique and important geochemical information to solve different geological problems (White, 

2013). 

Besides being the most abundant sulphide minerals in the Earth’s crust, pyrite and chalcopyrite are 

major components of various types of hydrothermal ore systems (e.g. Cu porphyry deposits), where 

these sulphide minerals precipitate from fluids when temperature, pressure and/or oxido-reduction 

conditions change. In these fluids, S and metals are in form of ionic complexes. In hydrothermal systems, 

the chemical composition of pyrite and chalcopyrite vary significantly from their ideal formula, FeS2 

and CuFeS2, respectively. (Duran et al., 2019; Naglik et al., 2021). In magmatic systems, however, 

sulphide liquids segregate from mafic/ultramafic magmas once S saturation is reached. Exsolution of 

pyrite and chalcopyrite then occur from high-temperature phases crystallised from these fluids. In this 

environment, pyrite might inherit a magmatic signature, when replaces primary pyrrhotite and 

pentlandite (Duran et al., 2019). 

During crystallisation, both minerals can assimilate a variety of elements in trace to minor amounts. 

In the case of pyrite, these elements are Co, Zn, As, Se, Ni, Cu, Au, Ag, Te, Ob, Sb, Bi, Tl, W, V, Mn, 

PGEs, and Hg. This is possible either by “substitution into the crystal lattice or by occluding nano- to 

micro-scale particles of other minerals” (Steadman et al., 2021). As for chalcopyrite, the elements 

include Co, Zn, Mn, Ga, Se, Ag, Cd, In, Sn, Sb, Hg, Tl, Pb and Bi, especially in the absence of other co-

crystalising sulphides, thus, though the same mechanisms, these elements enter in the crystalline 

structure of chalcopyrite (George et al., 2018). For instance, Co, Mn, Zn and Sn can substitute Cu or Fe 

in the crystal lattice. Pyrites from hydrothermal systems are usually enriched in Sb and As, and depleted 

in Co and Se, whereas chalcopyrite is rich in Cd and poor in Ni. On the other hand, pyrites form in 

magmatic systems are commonly rich in Co and Se, and poor in Sb and As, while chalcopyrite in 

enriched in Ni and depleted in Cd (Duran et al., 2019).  

Given the importance of Assarel mine for Cu production in Europe and the wide variety of trace 
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elements that can be found in the crystalline structure of pyrite and chalcopyrite, it becomes important 

to investigate first, which trace elements are present in the deposit; second, in which concentration; and 

third, if it is feasible to extract any of them as by-products. This thesis has the goal to answer the first 

two questions. 

1.2. Location and Mine Overview 

Assarel mine is a late Cretaceous hydrothermal deposit of the Cu ± Au porphyry type located at 11 km 

to the northwest of the city of Panagyurishte and at 90 km to the east of Sofia, the capital of Bulgaria 

(Fig. 2). The open pit mine is in the Sashtinska Sredna Gora Mountain at around 1000 m above sea- 

level, and the main ore minerals in the deposit are pyrite, chalcopyrite, chalcosite, bornite and covellite, 

with an average Cu grade of 0.45% and a cut-off of 0.85% Cu. Both Assarel and Medet, another Cu 

porphyry deposit 12 km to the north of Assarel and currently a closed mine, are owned and operated by 

Assarel-Medet JSC (Assarel-Medet.JSC, 2015). 

Figure 2. Location map of the Assarel Mine, located E-SE from the capital of Bulgaria, Sofia. Source: author. 
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Assarel mine started its operations in the late 1970s, after a detailed geological study of the area, has 

actively been mined since 1976. At that time the lore was processed in the Medet Mining and Processing 

Complex (1977-1989). With the construction of a new processing plant and the consolidation of Assarel- 

Medet Technological Mining and Processing Complex (1986), the Assarel Concentrator officially 

started in 1989, since then, the Assarel-Medet JSC is known as the largest Bulgarian open pit mining 

company for Cu ore processing (Assarel-Medet.JSC, 2015). 

Assarel-Medet JSC produces high-quality copper concentrate (flotation) and cathode 

(electrorefining) (Table 1). The annual production is about 200 000 tons of natural copper concentrate 

with 25% Cu grade (Assarel-Medet.JSC, n.d.). 

Table 1. Assarel’s copper concentrate and copper cathodes chamical composition. Source: Assarel-Medet.JSC, 

n.d. 

Copper Flotational Concentrate Copper Cathodes 

Cu 20-26 % Te < 50 g/t Cu % 99.7% min 

S 34-38 % Sb < 0.01 % As % < 0.0005 

Au 2-5 g/t Hg < 0.3 g/t Bi % < 0.0002 

Ag 15-40 g/t Al2O3 2.5-3 % Fe % < 0.0010 

Pb < 0.06 % MgO 0.2-0.3 % Pb % < 0.0005 

Zn < 0.03 % CaO 0.3-0.4 % S % < 0.0015 

Co 60-70 g/t Na2O 0.3-0.4 % Sb % < 0.0004 

Ni < 0.008 % SiO2 4-8 % Se % < 0.0002 

Cd < 0.01 % H2O 8-12 % Ag % < 0.0025 

As < 0.02 %    (Bi+Se+Te) % < 0.0003 

Mo 140-154 g/t    (As+Sb+Cr+Mn+Cd+P % < 0.0015 

Fe 28-32 %    (Co+Zn+Fe+Si+Ni+Sn) % < 0.0020 

 

1.3. Study Aims 

Given the characteristics of the Assarel deposit and the well-documented occurrence of trace elements 

in the crystalline structure of pyrite and chalcopyrite, this thesis focuses on answering the following 

research questions: 

1.3.1. Research Questions 

(i) Which trace elements occur within pyrite and chalcopyrite of the Assarel Cu-Au porphyry 

deposit? 

(ii) How are the selected samples classified according to the different sulphide-bearing vein 

types? 

(iii) Is there any difference of these trace elements in each vein type? 

(iv) Which of the identified trace elements are classified as critical by the European Commission? 

(v) Is there a noticeable concentration of any critical metal associated with pyrite and 

chalcopyrite in the Assarel deposit? 
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1.3.2. General and Specific Objectives 

This master thesis has the general aim to access and understand the geochemistry of the trace elements 

associated with the sulphide ores at the centre of the ore body of the Assarel mine in Bulgaria, a Cu-Au 

porphyry deposit. As specific goals, this thesis aims to: 

(i) Identify which trace elements occur in each ore phase. 

(ii) Classify the samples according to the vein type. 

(iii) Investigate if the trace elements have different trends according to the vein type. 

(iv) Highlight, within the trace elements, those in term of criticality based on the 2020 

European list of critical metals, in order to suggest a qualitative potential for the Assarel 

deposit. 
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2. Background 

2.1. X-mine Project 

X-mine project is a European Union 2020 project coordinated by VTT Technical Research Centre of 

Finland in partnership with Uppsala University and mining companies, such as Assarel Medet JSC, 

geological institutes, like SGU, and technological companies as Orexplore. The project aims to make 

economically feasible the mining of small and medium sized mines with more complex ore 

mineralisation without generating unfavourable environmental impacts, as well as increase Europe`s 

mineral resources potential, with a special focus on critical metals, by improving resource 

characterisation and estimation, along with making the ore extraction more efficient (Lundin et al., 

2019). 

The project has three main goals, i) to reach a 20% reduction in transportation costs through 

increasing the efficiency of ore and waste separation; ii) reduce in 7% the waste rock; and iii) to cut 10- 

30% the energy consumption and the CO2 emissions. In order to achieve them, X-Mine researches and 

develops novel sensing technologies using X-ray and 3D vision (XRT), that enables a more efficient 

and automated mineral-selectivity, hence improving ore pre-concentrations options and reducing the 

worker exposure, and the use of energy, water, and chemicals. Also, the project develops 3D- 

geomodelling using Leapfrog Geo and SKUA_GODAC from the integration of geological and 

geophysical data – geological maps, geo- and petrophysics, drill core logs and assays -, with high- 

resolution drill core XRF/XRT data acquired by Orexplore, optimising in-mine exploration and mining 

operations. The sensing technologies are tested in four existing mining sites located in Sweden, Bulgaria, 

Greece and Cyprus, in which their evaluation comprehends scientific, technical, socio-economic, 

lifecycle, health and safety performances. Moreover, the project has received funding from the European 

Union’s Horizon 2020 Research and Innovation Program grant agreement No. 730270 (Lundin et al., 

2019). 

The Assarel mine in Bulgaria is one of the four pilot mines within X-mine project, where GeoCore 

X10 from Orexplore has been validated, and its XRF-XRT data were integrated with the existing 

geological information. The acquired data is further processed and visualised in the software Insight@ 

developed by Orexplore. 

The most recent achievements comprise 3D near-mine scale geological, structural, and geochemical 

models generated merging available (open source) and collected multi-disciplinary data (mine-related 

geodata). This near-mine model is subdivided by a modelled fault network containing 122 fault blocks. 

At Assarel and Medet, the cross-faulting includes c. faults with NE trend that are either bound or crosscut 

by faults oriented in WNW to NNW or shear zones. The importance of these structural intersection zones 

is related to their potential to promote Cu ± Au ± Mo mineralisation within the porphyry system since 

they represent high secondary permeability areas, which are also likely regions of increased hydraulic 

conductivity and fluid flow (Lundin et al., 2019). The preliminary product is shown in Figure 3 below. 
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Figure 3. Preliminary 3D geological model and interpreted cross-section of the Assarel near-mine area. The open 

pit is highlighted with the blue polygon. Source: Lundin et al. (2019). 

2.2. Cu Porphyry Systems 

Copper Porphyry deposits are characterised as large volume (10 to 100 km3) and lower grade deposits, 

with an average of 0.5-1.5 wt% copper, 0.0-1.5g/ton gold1, and <0.01-0.04% molybdenum (Sillitoe, 

2010). They are known as the largest source of copper and molybdenum, and as the second biggest gold 

producer, among minor amounts of Re, Ag, Pd, Te, Se, Bi, Zn and Pb (Craig and Vaughan, 1981; Tosdal 

and Richards, 2001; Sillitoe, 2010; Richards, 2016). Porphyry systems are frequently in linear belts, 

appearing, however, sporadically isolated, which have life spans of ~100,000 to many millions of years. 

When in clusters, aligned or as belts, these porphyry systems might stay active for 10 to 20 million years 

(Sillitoe, 2010). 

Moreover, each of these epochs are commonly connected to a time-equivalent magmatic event 

(Sillitoe, 2010). Porphyry deposits occur mainly adjacent to subduction zones, typically in orogen-

parallel belts, such as the Andes, in South America, and the Apuseni-Banat-Timok-Srednogorie belt of 

Romania, Serbia, and Bulgaria (Sillitoe, 2010). In this compressive tectonic setting, the slab dehydrates 

 
1 Au-rich porphyries have grades vary from 0.9 to 1.5g/ton and Cu <0.1% (Sillitoe, 2010). 



9  

downwards, and the hydrated mantle is partially melted. The thus formed magma, ascent and emplace 

in the crust in response to three lithospheric stress conditions: i) Tension, which favours the rapid ascent 

of primitive magmas, leaking up to extensional fault zones; ii) Compression, that hinders magma ascent, 

while favours the development of the MASH zone2 and a lower crustal magma chamber; iii) Shear stress, 

that favours the generation of localised extensional faults conduit and magma emplacement, 

promoting porphyry formation (Tosdal and Richards, 2001). As consequence, an igneous rock with 

porphyritic texture is generated from the rapid magma cooling (Richards, 2016). Furthermore, the 

dimensions and characteristics of Cu porphyry deposits in terms of size, grade, and type of 

mineralisation are strongly influenced by the composition and rheology of the host rocks (Sillitoe, 2010).  

The genesis of Cu porphyry deposits is associated with underlying plutons (5 to 15 km depth), known 

as the supply of fluids and magmas for the generation of elongate stocks or dikes swarms and their 

mineralisation (Fig. 4). This system starts with the injection of oxidised magma saturated with sulphur 

and enriched in metals, together with aqueous fluids derived from domes on the tops of the subjacent 

parental plutons (Sillitoe, 2010). I-type magma, regularly metaluminous and medium to high K calc-

alkaline, or even alkaline, generated in the deeper crust possibly with contributions of the upper mantle, 

is considered as the main source of porphyry systems. I-type magma is characterised as having H2O 

contends between < 3-4 wt% that rises until lower levels of the crust where it is completely crystallised. 

This magma type commonly exsolves a magmatic vapor phase by boiling, which promotes 

hydrofracturing, brecciation, and circulation of hydrothermal fluids in and around the magmatic activity 

sites (Robb, 2005). This released hydrothermal fluids are then responsible for concentrating the metals 

in this deposit system. In the current understanding, therefore, the precipitation of sulphides and metals 

are related to progressive reactions between the aqueous fluids, generated from the magma cooling, and 

the surrounding rocks (Sillitoe, 2010; Richards, 2016). 

Cu-rich porphyry intrusions involve numerous phases, which take place before, during, near the end 

or after the alteration mineralisation events. In most deposits, the early porphyries and their host rocks 

hold the highest-grade mineralisation. While the late- and post-mineral phases are barren. Thus, 

generally as the porphyries become younger, the less well mineralised they are (Sillitoe, 2010). The 

distribution pattern of sulphides and other economic minerals is concentric, coaxial with the alteration 

zones (Craig and Vaughan, 1981). According to Sillitoe (2010) “the sequence of alteration- 

mineralisation is a result of the progressive rock and fluid cooling, from >700º to <250º”, caused by 

solidification of the underlaying parental plutons and downward propagation of the lithostatic- 

hydrostatic transition”. When the magma stagnates in the crust, the usual high temperature two-phase 

hypersaline liquid and vapour that are respectively associated with the generation of the potassic 

alteration and contained alteration at depth, as well as with the early overlaying advanced argillic 

 
2 Melting, Assimilation, Storage, and Homogenization zone that is located under long-lived active volcanic 

regions. This is a lower-crustal partially molten zone where occurs the interaction between mantle-derived melts 

and lithosphere, that goes through further density differentiation (Delph et al., 2017). 
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alteration, become a single-phase low- to moderate-salinity liquid at <350ºC, responsible for the sericite- 

chlorite and sericitic alteration and their mineralisation. Besides, the mineralisation of the peripheral 

portions of porphyry systems are also related to this liquid (Sillitoe, 2010). 

 

Figure 4. Diagram showing the anatomy of a telescoped porphyry Cu system, as well as the correlations between 

the Cu±Au±Mo porphyry and its proximal host rocks in a multiphase porphyry stock. Moreover, the legend 

describes the chronological sequence of rocks, being the porphyry stock the earliest event and the maar- diatreme 

the last. Source: Sillitoe (2010). 

The mineralisation in Cu porphyry deposits is characterised by a sequence of quartz-bearing veinlets 

and disseminated grains in, or adjacent to, the altered host-rock that has a composition commonly 

ranging from calc-alkaline diorite and quartz diorite to quartz monzonite; and alkaline diorite through 

monzonite to rare syenite (Craig and Vaughan, 1981; Sillitoe, 2010). Pyrite is frequently the most 

abundant sulphide, it is present as anhedral to euhedral grains, and can occur either associated with other 

sulphides or alone in otherwise barren quartz veinlets. The dominant Cu-mineral is chalcopyrite that 

appears either as anhedral interstitial grains or as fracture fillings in pyrite. Bornite occurs as anhedral 

grains with pyrite and chalcopyrite and as both exsolutions, as well as oxidation lamellae within 

chalcopyrite. Covellite, digenite and chalcocite, are formed in near the surface, normally as secondary 

alteration rims on chalcopyrite and bornite. Some molybdenite and native copper can also be present 

(Craig and Vaughan, 1981). Sometimes mineralisation also occurs associated with the magmatic- 
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hydrothermal breccias as a response to their inherent permeability. These breccias, however, are not 

necessarily formed, but if they do the formation occurs during porphyry intrusion (Sillitoe, 2010). 

2.2.1. Hydrothermal Alteration 

Cu porphyry deposits present an outwards alteration-mineralisation zoning patterns from the central 

stocks and dike swarms of the system. This generally embodies several generations of intermediate to 

felsic porphyry intrusions. While the deeper alteration patters are potassic and propylitic, advanced 

argillitic occurs in shallower levels. Thus, Cu porphyry deposits shows upwards zoned alteration- 

mineralisation from barren, early sodic-calcic through potassic – with ore-grade potential -, followed by 

chlorite-sericite, sericitic (phyllic), to advanced argillitic (Sillitoe, 2010) (Fig. 5A). 

The alteration type is mainly depending on the acidity, along with the sulphidation state, which is a 

function of S fugacity and temperature, that increase upwards as temperature declines. The acidity and 

the sulphidation state also constrain the sulphide assemblages modify the alteration-mineralisation 

pattern to chlorite-sericite, and further sericite types. Advanced argillitic alteration, on the other hand, 

are formed over a wider range of the two parameters mentioned above (Fig. 5B). Overprinting 

(telescoping) of these alteration types or even partial to total reconstruction of them are common and 

caused by progressive decline of the system’s temperature in conjunction with the degradation of the 

syn-mineralisation paleo surface; meaning that; shallower alterations (younger) tend to overprint the 

deeper ones (older) (Sillitoe, 2010). According to Sillitoe (2010), late-stage alteration overprints can 

result in higher metal concentration, but also depletion or total removal of Cu and Au. A generic model 

was proposed by Sillitoe (2010), and is shown in Figure 5A, and the descriptions of the below follow 

this scheme for the alteration type and respective mineralisation. 

Figure 5. A) Left: general alteration-mineralisation zoning for a non-telescope porphyry Cu deposit. B) Right: 

porphyry Cu alteration-mineralisation sequence in terms of paleodepth and system life span. Source: Sillitoe, 2010. 

2.2.1.1. Sodic-Calcic alteration 

The sodic-calcic alteration part of the system is, in general, magnetite bearing and sulphide and metal 

poor, however, it can host mineralisation in Au-rich porphyry Cu deposits, in which the mineral 
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assemblages sometime reflect a hybrid potassic-calcic alteration (biotite-actinolite-magnetite). 

Commonly, this alteration type is preserved in the immediate wall rocks to the porphyry intrusions and 

delineates zones located in the centre of some Cu porphyry stocks (Sillitoe, 2010). 

2.2.1.2. Potassic alteration 

Potassic alteration represents the highest temperature form of alteration (500-600°C) and is formed in 

the core of porphyry Cu deposits. It affects the early and inter-mineralisation porphyry generations, the 

inter-mineralisation magmatic-hydrothermal breccias, as well as the wall rocks (Sillitoe, 2010). Potassic 

alteration is characterised by K+ metasomatism in addition to hydrolysis, which results in the 

crystallisation of new K-feldspar (in felsic, granodioritic to quartz monzonitic settings) and/or biotite (in 

mafic setting), and is normally associated with formation of some sericite, chlorite, and quartz, in 

addition to lesser amounts of magnetite, hematite and anhydrite. Sodic and calcic alterations are 

considered a variation of potassic alteration with introduction of Na+ and Ca+2 to the system, forming 

albite, epidote and actinolite (Robb, 2005). Several porphyry Cu deposits host chalcopyrite ± bornite 

mineralisation emplaced in potassic zones, in which the deeper, central parts of some deposits are 

characterised by one or more bornite-rich centres (Sillitoe, 2010). 

2.2.1.3. Chlorite-sericite alteration 

Chlorite-sericite alteration is characterised by precipitation of chalcopyrite and pyrite, and is thus a 

common mineralisation contributor, along with partial or complete replacement of primary magmatic 

minerals. Mafic minerals are replaced by chlorite, plagioclase by sericite and/or illite, and 

magmatic/hydrothermal magnetite by hematite (Sillitoe, 2010). This alteration is found in the shallower 

portion of some porphyry Cu deposits, specifically in the Au-rich parts where it typically overprints the 

potassic alteration assemblages (Sillitoe, 2010). 

2.2.1.4. Phyllic alteration 

Phyllic alteration is also referred to as sericitic alteration, it is commonly formed over a wide range of 

temperature by hydrolysis of feldspar to form sericite, with minor associated chlorite, quartz and pyrite 

(Robb, 2005). This alteration normally overprints and destroys partially or entirely the potassic and 

chlorite-sericite alteration assemblages. Even though, phyllic alteration is dominated by pyrite, Cu may 

be present as chalcopyrite inclusions in the pyrite or as high-sulphidation assemblages (e.g. pyrite- 

bornite, pyrite-chalcocite…) (Sillitoe, 2010). 

2.2.1.5. Propylitic alteration 

Propylitic alteration occurs in the margins of porphyry Cu-deposits and is formed at low to intermediate 

temperatures (200-350ºC), and at low fluid/rock ratios. It comprises mainly chlorite and epidote, with 

minor amounts of clinozoisite, calcite, zoisite, and albite. Similarly, to the mineral assemblage formed 

during regional greenschist metamorphism. Besides that, it tends to be isochemical and its formation is 

a response to H+ metasomatism (Robb, 2005). In terms of economic potential, this alteration is 
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commonly barren (Sillitoe, 2010). 

2.2.1.6. Argillic alteration 

Intermediate argillic alteration forms by H+ metasomatism below ~250ºC and occurs at the fringes of 

porphyry systems. It mainly affects plagioclase, and results in the formation of kaolinite and smectite 

group minerals, commonly montmorillonite. Advanced argillic alteration constitutes the lithocaps and 

occurs where high fluid/rock ration environments prevailed, together with very acid fluids that strip out 

alkali elements from the rocks leaving an assemblage of kaolinite, pyrophyllite, or dickite, and alunite 

with minor amounts of associated quartz, topaz, and tourmaline. Argillic alteration is normally related 

to near surface, epithermal precious metal deposits formed by boiling and subsequently condensation of 

acidic volatile-rich vapours (Robb 2005;) (Sillitoe, 2010). 

2.3. Assarel Deposit 

2.3.1. Regional Geology and Metallogenic Setting 

The Cu-Au porphyry deposit at Assarel is located in the Panagyurishte Ore Region (district), west- 

central Bulgaria, which is part of the Srednogorie metallogenic zone and the West Tethyan Magmatic 

Belt, Southeast Europe; the latter formed during Cretaceous and Cenozoic magmatic periods (Baker, 

2019). The E-W-trending Srednogorie metallogenic zone is part of the Apuseni–Banat–Timok– 

Srednogorie magmatic–metallogenic belt (ABTS belt)3 in the south-eastern part of Central Europe 

(Zimmerman et al. 2008). This belt also called Banatitic Magmatic and Metallogenetic Belt (BMMB) 

(Berza, Constantinescu and Vlad, 1998; Ciobanu, Cook and Stein, 2002), refers to part of the Cretaceous 

magmatism period of the West Tethyan Magmatic Belt (Fig. 6). 

The Cretaceous deposits of West Tethyan Belt are mainly porphyry, high-sulphidation epithermal, 

and volcanic massive sulphide (VMS), where the enrichment in Cu ± Au is associated with a typical 

subduction-related arc environment, more specific the subduction of the Vardar Ocean; and the 

generation of calc-alkaline magmas promoting the formation of porphyry to high-sulphidation 

epithermal systems (Baker, 2019). Moreover, these systems accounts for around 94% Cu (18.6 Mt) and 

81% Au (36.4 Moz) of the total content in the West Tethyan Belt Cu-Au Cretaceous deposits (Baker, 

2019). 

The genesise of the L-shaped Apuseni-Banat-Timok-Srednogorie Magmatic and Metallogenic Belt 

(ABTS) has been widely discussed. Different geotectonic models have been suggested including rift, 

subduction, post-collisional, and back-arc extension. Popov et al (2003) proposed that the belt was 

formed from extentional processes associeted with the post-subductional and intra-collision mantle 

diapirism that occurred in the zone of transformation of subducted fragments from the oceanic crust. 

The oblique subduction initiated the transpression along a strike-slip deformation system generating 

pull-apart extensional stuctures, which became areas for Late Cretaceous magmatic and hydrothermal 

 
3 For better comprehension in this thesis the nomenclature used for the metallogenic belt is Apuseni–Banat– 

Timok–Srednogorie magmatic – metallogenic belt (ABTS belt) after Zimmerman et al. (2008). 



14  

activity (Drew, 2005; Cioacă et al., 2020). Furthermore, the belt extends for more than 1500km, hosts 

various mineral deposits (e.g;, porphyry Cu±Au±Mo, polymetallic skarn and high-sulphidation 

epithermal Cu-Au) and comprises the four main lithotectonic areas: the N-S alighed Apuseni and Banat 

in Romania, the NNW-SSE aligned Timol in Serbia, and the E-W Srednogorie in Bulgaria (Popov et 

al., 2003; Zimmerman et al., 2008; Cioacă et al., 2020). 

In the central region of Srednogorie metallogenic zone there are several smaller deposits and 

occurrences as well as Cu-porphyry deposit systems, which the major three representants are Elatisite, 

Medet and Assarel. These deposits are part of the Panagyurishte ore district, which transects the central 

portion of the Srednogorie zone (Strashimirov, Petrunov and Kanazirski, 2002). Drew (2005) observed 

that the porphyry deposits in the central Srednogorie region are linked with the corners of strike-slip 

fault duplexes. 

 

 
 

Figure 6. Location map of Au deposits in the Cretaceous and Cenozoic magmatism in the Western Tethyan 

magmatic belt. As shown in the map Assarel posphyry deposit is associated with the Cretaceous magmatism of 

the belt. Source: Modified from Baker (2019). The deposits of Assarel, Medet and Elatsite are highlighted within 

the yellow dashed rectangle, while the ABTS belt can be recognised as the L-shaped green area highlighted on the 

left side of the map within the red dashed rectangle. CRD = carbonate replacement deposit; HS = high sulphidation; 

IS = intermediate sulphidation; LS = low sulphidation; VMS = volcanogenic massive sulphide. 

The NNW-SSE Panagyurishte ore district is part of the Upper Cretaceous ABTS Magmatic and 

Metallogenic Belt. It is mainly characterised by the presence of porphyry copper deposits and massive 

sulphide copper deposits. The genesis of the Panagyurishte district is associated with intense Upper 
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Cretaceous volcanic and magmatic activity, in which the magma was generated in an enriched upper 

mantle with participation of a crustal component (Popov et al., 2003). In the district, seven volcano-

intrusive complexes are individualised: (i) Elatsite-Chelopech; (ii) Krassen-Petelovo; (iii) Vrankamik; 

(iv) Assarel-Medet; (v) Svoboda-Ovchihulm; (vi) Elshitsa; and (vi) Pesovetz (Popov et al., 2003). Their 

formation was proposed by Popov et al. (2003) and consists of four stages linked with the migration of 

the magmatic activity from north to south in Panagyurishte ore district, among which Assarel-Medet 

complex generation represents the second stage. 

The rocks in the ore district are mainly classified as calc-alkaline of high potassic type, and 

subalkaline, when alkaline oxides content increases. The stratigraphy sequence shows the effusive rocks 

from the Panagyurishte volcano-sedimentary group superimposing the Turonian sediments and the Pre- 

Mesozoic basement in the southern part. These rocks are then overlapped by post-volcanic Upper 

Santonian-Maastrichtian carbonate and flish sediments (Popov et al., 2003). 

As mentioned earlier, this district is characterised by the occurrence of many Cu porphyry and 

massive sulphide copper deposits. Within the district, five ore fields are established: (i) Elatsite- 

Chelopech; (ii) Assarel-Medet; (iii) Krassen-Petelovo; (iv) Radka; and (v) Elshitsa (Popov et al. 2003). 

Among which Assarel-Medet ore field has the porphyry deposits of Meded, Orlovo Gnesdo and Assarel, 

focus of this research. 

The formation of Cu ± Au porphyry deposits of Panagyurishte district refers to the late 

Cretaceous within a narrow period between 89 and 92 Ma (Re-Os in molybdenite, Zimmerman et al. 

2008). Their tectonic models are still under discussion and comprises slab rollback and orogenic collapse 

during oblique subduction or emplacement associated with a transtensional strike-slip fault system, 

probably in a back-arc setting or in response to slab breakoff (Zimmerman et al., 2008; Baker, 2019). I 

addition, it was observed by Knaak et al. (2016) that the Cretaceous porphyry-high sulphidation Cu-Au 

deposits in Panagyurishte presents a “postmineral thrust stacking and dismembering, followed by a 

Cenozoic transtension that resulted in a burial, extension, and the development of a basin development.” 

These Cu porphyry deposits are sometimes located in the centre of the volcanos or in the rocks from 

the basement. Their ore bodies have a column-like or cone-like shape, and rarely an elongate stockwork 

developed by disseminated mineralisation. According to Popov et al. (2003), the Cu porphyry deposits of 

the Panagyurishte ore district can be divided into two categories: (i) Group 1: Ore mineralisation and 

hydrothermal alterations are mainly developed in the apical parts of the intrusive bodies and partly in 

the host rocks (e.g. Medet, Elatsite); (ii) Group 2: Ore mineralisation and hydrothermal alterations affect 

at its majority the effusive rocks and volcanic necks of the complexes, and at its minority the upper part 

of the porphyritic intrusive rocks (e.g. Assarel). In the second group, K-silicate alterations are less 

developed than in the first group. On the other hand, in group 2 sericitic and propylitic hydrothermal 

alterations are predominant, which are developed in lower temperature conditions, more intensely in the 

upper parts of the deposits (Popov et al. 2003). 

At Elatsite, Medet and Assarel, the ore mineralisation, which processes start with intense 
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hydrothermal alteration of the wall-rocks, is developed in the apical parts of subvolcanic and intrusive 

bodies, also in the volcanic and basement metamorphic rocks (Strashimirov, Petrunov and Kanazirski, 

2002). All three deposits have K-silicate alteration as a pre-ore hydrothermal phase and occurs mostly 

in the central parts. Medet and Assarel are characterised with the extended propylitic alteration. 

Furthermore, Assarel exhibits a large variety of pre-ore alterations assemblages, such as propylitic, 

sericitic, and advanced argillic (Strashimirov, Petrunov and Kanazirski, 2002). 

2.3.2. Assarel Cu-Au Porphyry Deposit 

The Assarel deposit is exploited as an open pit mine and is in the centre of the former Assarel 

stratovolcano, consisting of two apophyses that unite at depth. The mineralisation, vein-hosted and 

disseminated styles, is hosted in dioritic to granitic subvolcanic to comagmatic andesitic volcanic rocks 

(Fig.7). The ore mineralisation of the Assarel granodiorite porphyry has a cone shape, whose top trends 

80º-85º towards the southwest or south, and the highest metal concentration is in the central part, which 

decreases gradually towards the periphery. The main primary ore minerals are pyrite and chalcopyrite, 

while as secondary ore minerals there are chalcosite, bornite and covellite that are associated with the 

supergene oxidation and enrichment zones in the upper levels of the deposit (Strashimirov et al., 2003; 

Hikov, 2013; Cioacă et al., 2020). Furthermore, the deposit presents a total tonnage of 354.0 Mt, with 

1,600,000 t of Cu at a grade of 0.44 wt%, 2.20 Moz of Au at a grade of 0.20 g/t and Mo < 20ppm (Baker, 

2019). 

Figure 7. Simplified 2D semi-regional geological map of Assarel mine showing the location of the drill hole 

XM001, focus of this project. Source: the author. 
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This porphyry deposit shows intense radial and concentric faulting and jointing that caused an uplift of 

the altered basement metamorphic rocks, which now are exposed in the area at the same level as the 

volcanic rocks with advanced argillitic alteration. In terms of hydrothermal alterations, all host rocks at 

Assarel are intensely altered by the following alteration, (i) K-silicate, (ii) Propylitic, (iii) Advanced 

argillic-acid-chlorine, and (iv) Advanced argillic acid-sulphate (Strashimirov et al., 2003). In the upper 

levels of the deposit, within the sub-volcanic-hypabyssal bodies, volcanic rocks and Palaeozoic granites, 

several pre-ore hydrothermal alterations are observed, they are: propylitic, propylitic-argillic, propylitic-

sericitic, sericitic, sericitic-advanced argillic and advanced argillic (sub- types of acid-chloride and acid-

sulphate) (Strashimirov et al., 2003). The N-S profile in figure 8 presents the most common alteration 

distribution. Overprinting relationship by epithermal sericitisation and advanced argillic are present in 

the propylitic and K-silicate alteration (Strashimirov et al., 2003) (Fig. 8). 

 

 

Figure 8. Profile S-N in the Assarel deposit, displaying the spatial distribution of rocks and hydrothermal 

alterations. Source: Modified from S. Strashimirov, Petrunov, and Kanazirski (2002). 

The main alterations related to the mineralisation are sericitic and transitional sericitic-propylitic 

alterations, which produces the mineral assemblage quartz + chalcopyrite ± pyrite. Other mineral 

assemblages are also present, such as the quartz-pyrite association that concentrates in the peripheral 

and higher areas of the deposit, the quartz-molybdenite that occur in the central and southeastern regions 

of the deposit, and the quartz-sphalerite-galena that makes the terminal stage of the mineralisation 

(Popov et al., 2003; Cioacă et al., 2020). 

A petrographic study performed by Cioacă et al. (2020), identify four mineral assemblages based on 

the interpreted paragenesis of major ore and gangue minerals and their relationship with the different 

types of host rock alteration mapped (propylitic, sericitic, sericitic-chloritic, and argillic). The mineral 
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assemblages in Assarel are presented below4: 

i. CPM (Chalcopyrite-Pyrite-Magnetite±Bornite) assemblage associated with propylitic 

alteration: fine-grained chalcopyrite with minor magnetite and pyrite as veinlets and 

impregnations in moderate to intensely altered porphyritic rocks. Hematite partially 

replaces magnetite, which can contain inclusions of chalcopyrite and bornite. 

ii. CPH (Chalcopyrite-Pyrite-Hematite) assemblage associated with sericitic-chloritic 

alteration: Chalcopyrite, pyrite and hematite filling fractures and cracks, as well as 

normally intergrown with chlorite and sericite. Chalcopyrites replaces and surrounds pyrite 

and hematite. Pyrite is commonly poikilitic with several inclusions of rutile, sulphides, 

quartz, etc. It is well developed in quartz-rich rocks that is affected by intense sericitic-

chloritic alteration. 

iii. PC (Fine-grained Pyrite-Chalcopyrite) assemblage associated with argillic alteration: 

Fine-grained pyrite and chalcopyrite, without magnetite or hematite. It is observed in rocks 

with intense argillic alteration, in which the primary igneous features were totally 

obliterated. 

iv. QP (Quartz-Pyrite±Chalcopyrite) assemblage associated with sericitic alteration mainly in 

the apical parts of the Assarel intrusion: Disseminated euhedral pyrite grains or well-

developed aggregates, and pyrite veins, together with minor fine-grained chalcopyrite. 

Chalcopyrite occurs disseminated or filling spaces between the pyrite grains. Pyrite hosts 

some inclusions of chalcopyrite, bornite, covellite, galena, and Bi- and Ag-bearing 

minerals. 

Regarding its genesis, Strashimirov, Petrunov, and Kanazirski (2002) suggested that Assarel deposit 

was generated at shallower depths than Elatsite and Medet, as well as under lower-temperature 

conditions typical of apical part of a subvolcanic body intruding volcanic superstructure. In summary, 

Assarel deposit merges typical featured of Cu-porphyry mineralisation at depth overprinted by high- 

sulphidation mineralisation style in the upper parts. This can be seen in the occurrence of certain 

minerals like enargite, calaverite, goldfieldite, hessite, tetradymite, sulvanite, among others found as 

inclusions in chalcopyrite (Strashimirov, Petrunov and Kanazirski, 2002; Cioacă et al., 2020). Moreover, 

sericitic and propylitic alteration are overprinted by earlier acid-sulphate alterations generated during 

effusive activity (Arnaudova et al., 1991). In addition, economic interest for copper and gold is also 

linked with the well-developed supergene enrichment zone (Stashimirov, 1993; Strashimirov, Petrunov 

and Kanazirski, 2002; Hikov, 2013). 

 
4 The order of the minerals are relative to their abundance (Cioacă et al., 2020). 
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3. Methodology 

3.1. Drill core sampling 

The drill core XM001, from Assarel-Medet JSC, was the main object of study. XM001 was drilled in 

the centre of the high-grade Cu-ore body of the Assarel porphyry deposit at the 675 m level in the bottom 

of the open pit as part of the X-Mine project (Fig. 7). It has a total length of 260.4 m, with a recovery of 

ca. 65% (Delgado, 2020). The drill hole is roughly vertically with a dip of 79.9 – 81.7º and an azimuth 

between 254.4 – 232.7º (Cioacă et al., 2020) (Table 2). The XM001 core was sent to Orexplore 

headquarter in Kista, Sweden, to be scanned by GeoCore X10 and thus collecting XRT and XRF data. 

From this drillcore, seventeen samples were collected based on four criteria: i) High concentration of 

sulphides; ii) Diverse sulphide paragenesis; iii) Reasonable sampling distribution throughout XM001; 

iv) Sampling only within the scanned portions by Orexplore GeoCore X10. A brief description of the 

samples is shown in table 3 below. 

The XM001 samples were transported to the Geocentrum at Uppsala University in Uppsala (Sweden) 

and prepared for mineralogical and mineral chemical analyses. For convenience, the samples will be 

referred by their ID (e.g. ASLL01). 

Table 2. Technical drilling parameters of XM001. 

Hole ID XM001 

Collar easting (m) 264958.22 

Collar northing (m) 4714464.61 

Collar elevation (m) 675.83 

Hole length (m) 260.4 

Average dip (°) 80.6 

Average azimuth (°) 237.3 

Oriented Yes 

Core diameter (mm) 44-45 (NQ3) 
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Table 3. A brief description of the drill core pieces used to produce mounts for further microscopy and chemical 

analysis. 

ID From To Lithology Alterations Description 

 

ASLL12 

 

38.83 

 

38.9 

 

Diorite porphyry 

 

PR + K-SI 

Disseminated sulphides within potassic 

alteration halo and in milky Qtz plus Mt 

veinlets. 

 

ASLL01 

 

47.8 

 

48.05 

 

Diorite porphyry 

 

PR + K-SI 

Disseminated sulphides associated with 

potassic alteration halo and within grey Qtz 

veinlets. Occurrence of Mt. 

 

ASLL03 

 

51.3 

 

51.4 

 

Diorite porphyry 

 

PR + K-SI 

Massive sulphides associated with milky Qtz 

veinlets and disseminated. Propylitic, 

silicification. 

 

ASLL04 

 

53.15 

 

53.3 

 

Diorite porphyry 

 

PR + K-SI 

Massive sulphides in milky vuggy Qtz 
veinlets and disseminated. Propylitic, 

potassic. 

 

ASLL02 

 

54.46 

 

54.61 

 

Diorite porphyry 

 

PR + SI 

Disseminated sulphides, also associated with 

milky Qtz and Mt veinlets. Propylitic 
overprinting potassic. 

ASLL05 56.84 57.1 Diorite porphyry PR + SI 
Massive sulphides filling fractures of milky 

Qtz veinlets (stockwork) and disseminated. 

ASLL11 68.05 68.12 Quartz vein SI 
Disseminated sulphides and in milky Qtz 

veinlets. Silicification. 

 

ASLL14 

 

79.61 

 

79.73 

 

Diorite porphyry 

 

PR + SE 

Massive sulphides filling fractures, 

associated with milky Qtz veinlets and 
disseminated. Propylitic, phyllic. 

 

ASLL15 

 

83.73 

 

83.84 

 

Diorite porphyry 

 

PR + K-SI 

Massive sulphides associated with grey Qtz 

(+-Mt) veinlets. Also, disseminated. 
Propylitic, potassic. 

ASLL08 107.15 107.25 Diorite porphyry PR + K-SI 
Sulphides filling fractures in grey Qtz 

veinlets and disseminated. Propylitic. 

 
 

ASLL09 

 
 

110.26 

 
 

110.38 

 
 

Diorite porphyry 

 
 

PR + K-SI 

Sulphides bordering and disseminated 

within veinlets composed of grey Qtz and 

Mt. Mt occur more concentrated in the 

borders of the Qtz veinlet. Potassic, 

propylitic. 

 
ASLL16 

 
123.64 

 
123.88 

 
Diorite porphyry 

 
PR + K-SI 

Sulphides filling fractures and associated 

with vuggy and milky Qtz veinlets. Also 

disseminated. Propylitic overprinting 
potassic. 

 

ASLL17 

 

129.7 

 

129.87 

 

Diorite porphyry 

 

PR + K-SI 

Massive sulphides associated with milky 

vuggy Qtz veinlets. Propylitic overprinting 

potassic. 

ASLL06 141.33 141.56 Diorite porphyry PR 
Massive sulphides associated with milky Qtz 

veinlets and with the diorite. Propylitic. 

ASLL07 142.36 142.52 Diorite porphyry PR 
Sulphides in milky vuggy Qtz veinlet. 

Propylitic. 

 

ASLL10 

 

157.73 

 

157.9 
Granitoid 

porphyry 

 

PR + SE 

Sulphides in milky vuggy Qtz veinlets, 

disseminated and filling fractures. Propylitic 

overprinting potassic. 

 

ASLL13 

 

197.45 

 

197.54 

 

Diorite porphyry 

 

PR + K-SI 

Disseminated sulphides in potassic alteration 

halo, also filling fractures and in milky Qtz 

veinlets. 
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3.2. Sample preparation 

The sample preparation consisted of five steps: cut, cast in 1 inch epoxy mounts, grinding and polishing. 

Before microchemical spot analyses reflected light microscopy was conducted. The spots were selected 

considering where the primary ore minerals identified. 

Sample preparation was done at the Department of Earth Sciences at Uppsala University using a 

Lortone Inc. lapidary trim saw model FS8, and an automatic high-precision Struers Minitom saw with a 

0.4 mm wide saw blade for the delicate samples. Both saws are equipped with diamond cut-off wheels. 

Once cut, the samples were cast in a mixture of 15 ml resin and 2 ml epoxy from Struers. For the 

grinding and polishing stages, a semi-automatic Struers LaboPol-25 equipment coupled with the 

LaboForce-3 sample holder was used. Grinding disks of brass with diamonds of different granulometry 

were used in a decedent order. The grinding stage consisted of i) 1200 mesh diamond disk, 5 N pressure, 

250 rpm; ii) or 1200 mesh carborundum powder + 1200 mesh paper for some samples, and ii) 500 mesh 

diamond disk, 10 N pressure, 250 rpm. The polishing stage was conducted using the following 

combinations. 

• MD-DAC 6µ diamond disk, 20 N, 150 rpm. 

• MD-NAP 3µ diamond disk, 20 N, 150 rpm and/or Struers manual 3µ DP cloth, 100-150 

rpm 

• MD-GEKKO 1 diamond disk, 20 N, 150 rpm. 

Due to the heterogeneity between the samples, different order, and griding and polishing times had 

to be applied when no significant improvement was observed. Water and lubricant were used during these 

two steps. 

3.3. Reflected light microscopy 

To characterise the mineralogy of the samples, reflected light microscopy was carried out at the 

Department of Earth Science Uppsala University using a Nikon Eclipse Ci POL polarising microscope 

equipped with a camera. Microphotographs were taken using the software NIS-Elements F2.20. The 

main goal of this step was to identify the opaque phases within the samples, as well characterising their 

assemblages, mineral textures and paragenetic sequences. The grain-size of the sulphides was grouped 

following the classification presented in table 4. 

Table 4. Proposed grain size classification for sulphide crystals from Assarel Porphyry-Cu-Au deposit. 

 

Very coarse grained > 3 cm 

Coarse grained 5 mm - 3 cm 

Medium grained 1 - 5 mm 

Fine grained 1 - 0.5 mm 

Very fine grained < 0.5 mm 
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3.4. Electron probe microanalysis with energy dispersive spectrometer 

(EPMA-EDS) 

After microscopy characterisation, SEM-EDS analysis was carried out at the Department of Earth 

Science Uppsala University, using a Field Emission Electron Probe Microanalyser (FE-EPMA), model 

JXA-8530F JEOL SUPERPROBE, equipped with four (4) crystal spectrometers (WDS), secondary (SE) 

and backscattered electron (BSE) detectors. This instrument can analyse elements from beryllium to 

uranium, with a detection limit of about 100 ppm. Acquisition conditions were beam current 15.00 kV, 

live time 50 seconds, dead time 3% and count rate > 6000 CPS 

SEM-EDS analysis was done prior to LA-ICP-MS with the purpose of identifying minor phases, 

mostly inclusion and other phases which were difficult to be determined under the petrographic 

microscope due to their optical characteristics or size. Therefore, five samples (83.78-83.84; 107.15- 

107.25; 110.26-110.38; 141.33-141.56; and 197.45-197.54) with small mineral inclusions were selected 

for EDS analysis and coated with a thin film of carbon. Coating with a conductive material is necessary 

in order to avoid charge accumulation at the sample surface (Gill, 1997). Both opaque phases and 

silicates were analysed. Moreover, the data processing of oxides, silicates and sulphides were done 

converting elemental concentration to oxides, and further plotting the results in an excel sheet to 

calculate and recognise the mineral phases that occur as inclusions in the ore mineral. 

3.4.1. Electron microprobe analyses - methodology 

Electron microprobe analysis (EMPA) is a non-destructive, microscale elemental concentration 

analytical method, commonly used for major and minor elements in solid phases (Gill, 1997; Williams, 

Jercinovic and Hetherington, 2007). This technique can be applied for geochronology, characterisation 

of accessory minerals, meteorites classification, as well as for environmental biomonitoring and 

geothermobarometry, among others. EMP system is composed of an electron optics column (electron 

beam, specimen-handling, imaging facilities and vacuum system - around 10-3 Pa to minimise electron 

scattering and X-ray absorption) and an X-ray spectrometer (Gill, 1997). 

EPMA analytical method is based on the measured X-ray emitted from a portion of the sample when 

bombarded with electron beams. Each peak X-ray line intensity corresponds, specifically, to the 

characteristic X-ray lines of the present element (EDS) or to characteristic wavelength of an element 

with a given atomic number (WDS) (Gill, 1997). The spectral content of these characteristic X-rays is 

analysed by X-ray spectrometers located in the specimen chamber, which separate the components of 

the X-ray spectrum by either photo energy (‘energy-dispersive’ - ED spectrometer) or by diffraction, 

that separates wavelengths with a crystal lattice (‘wavelength-dispersive’ – WD spectrometer) (Gill 

1997). 

Energy-dispersive spectrometer (EDS) is a detector composed of a silicon crystal between two 

metallic electrodes. This set-up is kept under liquid nitrogen temperature to minimise the induced 

thermal signal, which is the preamplifier noise of the peak. According to Gill (1997) the main three (3) 
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advantages of EDS are (i) “high collection efficiency…minimising beam damage to delicate 

specimens…and insensitivity to specimen position”; (ii) “simultaneous acquisition of the entire 

spectrum, providing rapid multi-element capability”; and (iii) “lower capital cost and ease of use”. 

Unlike EDS analysis, WDS has higher peak/background ratios, hence lower detection limits (normally 

around 10 times lower), higher spectral resolution and narrower peaks, therefore more applicable for 

quantitative analysis. In addition, EDS peaks are commonly wider than WDS, hence is unable to resolve 

Kα and Kβ energies (Gill 1997). It is important to highlight that lower element concentrations are highly 

affected by errors in background estimation, thus the peak/background ratio decreases, while 

concentration decreases (Williams, Jercinovic and Hetherington, 2007). For this master’s project the ED 

spectrometer was used due to the purpose of a qualitative analysis, which was to identify minor phases, 

thus, to determine which elements were present in the sample. 

Furthermore, EPMA-EDS can detect major elements with concentrations higher than 10 wt% and 

minor elements with concentrations between 1 and 10 wt%, hence is unable to detect trace elements with 

a concentration below 0.01 wt%. In general, for bulk materials, the detection limit is 0.1 wt%. In 

addition, is important to highlight that the detection limit in both EDS and WDS analysis is influenced 

by the conditions of the sample`s surface, thus lower detection limit is associated with a smoother surface 

(Nasrazadani and Hassani 2016). 

3.5. Laser Ablation Inductively Coupled Plasma Mass Spectrometer (LA-

ICP- MS) 

Eight (8) samples were selected to be analysed by LA-ICP-MS for identifying the trace elements in 

chalcopyrite and pyrite, which are the main ore minerals in the Assarel deposit. The aim is to understand 

the geochemical behaviour of these phases in different mineralisation styles along the drillcore XM001, 

and to highlight the elements with higher criticality for the EU. For this, 15 spots were conducted per 

samples considering three premisses: i) be chalcopyrite or pyrite; ii) prioritise medium to coarse-grained 

crystals; iii) wherever possible, select grains free of inclusions or exsolutions of other phases. 

The analyses were performed at the LA-ICP-MS laboratory of the Micro-geochemistry Group 

Gothenburg (MG3) at the Department of Earth Sciences, University of Gothenburg, Sweden. The 

spectrometer is equipped with laser ablation (New Wave NWR 213) coupled to a quadrupole ICP-MS 

(Agilent 8800QQQ)5. The analytical procedure was assisted by Professor Thomas Zack (University of 

Gothenburg) and handled remotely via Team Viewer. With this setup, it was possible to control the 

software connected to the equipment. Analytical conditions were energy density of 6 J/cm², frequency 

10 Hz, gas flow rate of 4 ml N2/min (22% N2O) and 850 ml He/min. The spot size was preferentially set 

to 50 µm diameters, but few analyses were done with a 40 µm beam for smaller grains. The acquisition 

time was around 60 sec, in which the background measurement took 20 sec, whereas the ablation 40 

 
5 Instrument configuration: Model G3663A; serial number JP14070275; plasma ignition model Organic Solvent 

3; ion lenses model x-lens. 
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sec. A total of 180 spots were analysed. 

To monitor for accuracy and precision, five reference materials were measured for every fifteenth 

“unknown” spot analysed, as well as sequentially two times at the beginning and the end of each 

analytical session. The standards used were N610 (Jochum et al., 2011), Po725 (pyrrhotite) (Sylvester 

et al., 2005), Cpi-std (chalcopyrite), MASS-1 (Wilson, Ridley and Koenig, 2002; Danyushevsky et al., 

2011), and GSC-1G (Jochum et al., 1995). MASS-16 was used as an external standard, whereas the 

others were used for accuracy and precision calculations conducted in Microsoft Excel. Data processing 

is explained in section 3.5.2. 

Based on previous studies on the Assarel deposit and on optical microscopy observations, 27 

elements were selected for the LA-ICP-MS analysis (Table 5). The dwell time (IntegTime/Mass) is the 

time data is collected for each element and it controls the detection limit, hence longer time tends to 

decrease the detection limit. Therefore, shorter time was set for major elements and longer time for 

minor and trace elements. Therefore, shorter time was set for major elements and longer time for minor 

and trace elements. The analytical time varied between 0.002 to 0.4 seconds. 

3.5.1. Laser ablation inductively coupled mass spectrometry, methodology 

Laser ablation – inductively coupled plasma-mass spectrometry (LA-ICP-MS) is an analytical technique 

suitable to micro analyses applications, in which any solid or liquid can be analysed. This technique is 

widely accepted in geology and many other fields. In geological applications, LA-ICP-MS is especially 

acquainted for its potential for high precision isotope ratio measurements and trace elements 

quantification. Therefore, it suits the goal of this project. 

According to Longerich (2008), the system is composed of a laser ablation (LA), that is optimised 

for sampling, an inductively coupled plasma (ICP) responsible for producing ion, and a mass 

spectrometer (MS) to separate the ions. The analysis starts with the sample introduction system, which 

is composed of a laser coupled with optics, and an air-tubing, that through a flow of gas transport the 

sample to the ICP. In the sample cell occurs the transformation of the sample into an aerosol of small 

particles by the laser. The absorptivity of the sample defines the optimal laser wavelength. Overall, 

photon absorptivity increases with higher photon energy for all types of samples, hence shorter 

wavelengths (higher photon energy) are compatible for a wider range of samples. Subsequently, the 

aerosol sample is carried by the gas to the ICP (electrically heated gas to a high temperature forming a 

plasma with Ar combined with He), where it is vaporised, atomised, and ionised. In the mass 

spectrometer the ions are separated based upon their mass to charge ratio. The mass spectrometer is 

operated in a vacuum system that allows the ions to travel longer distances before colliding with another 

ion or neutron. The intensity of the generated ion beam is measured and recorded in the detector where 

it is converted to an electrical signal. The intensity represents the content of a certain element in the 

analysed spot, whereas the mass/charge ratio determines the elemental composition. 

 
6 MASS-1 was also used to estimate precision. 
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The LA-ICP-MS used in this project has a mass analyser type quadrupole (quad), which is a mass filter 

that separates the ions of a selected mass when an electrical field of alternating and direct current 

potentials is applied to an array of four rods. The main advantages are the small volume needed for the 

analyser, low cost, and considerably good sensitivity. On the other hand, the most important 

disadvantage is the relatively lower resolution compared to other spectrometers. Quadrupole instruments 

can be equipped with a collision/reaction cell that enhances removal of interference and background 

noise (Longerich, 2008). This reaction cell was used in the analysis for the present study. The main 

limitations associated with the detectors are settling time, linearity, stability, and dynamic range 

(Longerich 2008). 

LA-ICP-MS instruments has numerous advantages that include low cost, high sensitivity, very low 

background, high signal to background ratio resulting in genuine low detection limits, as well as low 

settling time due to the use of the quadrupole analyser and drift. Background is defined by Longerich 

(2008) as “a signal which is constant over the entire mass range”, and it is intrinsically relative to 

sensitivity and influences the detection limits. The background signals can be caused by previous 

samples, hence called ‘memory’, or from elemental and polyatomic ions. The settling time refers to the 

necessary time for the system to stabilise the signal in a different selected mass (analyser) and to make 

a “jump” from one mass to another (detector). As the instrument used was equipped with a quadrupole 

analyser, the settling times for this type are from 0.1ms to few milliseconds, thus is one of the fastest 

analysers. The drift attributes to the change in sensitivity, which is associated with the mass and 

ionisation potential, hence it varies according to the element. To correct the drift, internal standardisation 

is commonly used, even though it is not perfect (Longerich, 2008). 

3.5.1.1. Interferences 

Interference is “a source of signal intensity that adds to the intensity of the analyte of interest” 

(Longerich, 2008). Some of these interferences are polyatomic ions, isobaric elemental ions, and doubly 

charged elemental ions. Compared with other analytical methods, in general LA-ICP-MS has much less 

interferences. There are four criterions to remove interferences: (i) mathematical corrections; (ii) 

chemical separation; (iii) high resolution; and (iv) collision/reaction cells. 

The first is related to elemental determination, and in LA-ICP-MS this type of interference is often 

insignificant. The second is not applicable for LA, as it refers to the separation of the analyte from the 

matrix. The third is the utilisation of high-resolution mass spectrometry to improve the removal of some 

interferences and backgrounds from the analyte. High to medium resolution can remove those values as 

a result of the “mass defect of elemental atoms in which some proton and neutron mass is converted to 

energy to hold the nucleus together” (Longerich, 2008). Important for LA-ICP-MS analyses is the 

sensitivity that is indirectly proportional to resolution. It is common to use a medium resolution (3000 

to 4000), reducing the loss of sensitivity, while still be able to remove the unwanted peaks. Analytical 

conditions at low, medium, and high-resolution impacts the sensitivity substantially. According to 
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Longerich (2008), for low resolution (300) the sensitivity can be 200 times higher than at high resolution 

(10000). Lastly, the fourth criteria refers to cells that allow reactions between the sample ions and 

neutrons, and as consequence unwanted ions are removed from the system. These cells are available on 

quad and MC instruments. They are located before the analyser and are filled with a suitable gas, liquid 

hydrogen or helium, with which reactions occur. The main disadvantage of these cells is the possibility 

of generating new interference, while others are removed, but does not outweigh the benefits of reaction 

cells (Longerich, 2008). 

3.5.2. Data processing 

Data processing was done using the data reduction software Glitter (Griffin et al., 2008), where each 

signal for each analysed element in all 180 spots was individually evaluated. The processing also 

included stoichiometric normalisation of the iron content in pyrite and chalcopyrite to 46.6 wt% and 

30.43 wt%, respectively (reference values). When evaluating the signal, intervals with stable and flat 

patterns were selected to avoid, when possible, unwanted counts that might be associated with 

inclusions. 

To assess the quality of the acquired data, the analysed elements were individually evaluated, using 

the standards in terms of accuracy and precision. Whilst accuracy reflects how much the measured value 

deviates from the actual value of the standard in terms of each element, precision reveals how much the 

measured value deviates from the mean of all data points. The later can be estimated calculating the 

relative standard deviation (RSD), that is the ratio between the standard deviation (SD) and the mean. 

For the values below the detection limit, half of these values was considered for the calculation. 

However, in practice since the concentrate of some elements were too low to be detected, these were 

considered to be absent and are thus not included in the results and discussion. 

3.6. GeoCore X10 XCT-XRF drill core scanning 

The novel non-destructive technology developed by Orexplore combines simultaneous X-Ray 

Transmission (XRT), X-Ray Fluorescence (XRF) and weight measurements to scan drill cores at a rate 

of 4m/h. This technology optimise the usage of geological data targeting a more cost-efficient, 

sustainable, and feasible exploration and mining. The Orexplore GeoCore X10 generates a high- 

resolution tomography image and thus a visualisation of minerals, structures, textures, elemental and 

density distribution in 3D along the drill hole (Bergqvist et al., 2019). The mobility of this technology 

allows the usage close to or at the drilling locations, where the drill cores can be scanned on-site and 

collecting essential data directly for the progress of exploration campaigns and mining development. 

The XRF/XRT data from Orexplore GeoCore X10 was used in this project, first as a guide for 

sampling the core, then to identify textures, the content, correlation, and distribution in the 17 selected 

intervals of major elements and some minor and trace elements The XCT-XRF data from Orexplore 

GeoCore X10 was used in this project, first as a guide for sampling the core, then to identify textures, 

content, correlation, and distribution of major elements and some minor and trace elements associated 
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with the mineralisation identified during microscopy and the EPMA-EDS in the 17 selected intervals. It 

was also used to better understand and visualise correlations of the sulphide ores and their mineralisation 

patterns. 

The Orexplore GeoCore X10 XRF analysis has a detection limit of 1 ppm for the measured elements, 

however this can vary between elements. At present, the GeoCore X10 provide major element content 

more accurately than minor and trace elements concentrations. Nevertheless, new adjusts for trace 

elements are in progress, which will improve analysis and results. The sample holder is designed to load 

solid cylindrical rock samples with a maximum diameter of 50.50 mm (equal to NQ2 drill cores) and 1 m 

long. The equipment is not optimised for friable portions or fragmented rocks (Delgado, 2020). The 

combined XRF and XRT data yielded 3D core models of the chosen 17 intervals. Data processing was 

conducted using the Orexplore Insight® software applying the Al-equivalent attenuation coefficient, 

provided by Orexplore of both opaque phases and the matrix minerals (Table 6). To maintain the 

consistency in the generated images obtained within the X-mine project, the colour pattern used was 

created Edward Lynch at the Geological Survey of Sweden, who is also a co-supervisor of this master 

thesis. A limitation in this colour scheme is that magnetite and hematite have similar attenuation 

coefficient and are therefore visualised in pairs without distinction in the 3D tomography images. 

For further studies, the processed data can be exported to other software, such as modelling software, 

helping, and improving the geological interpretation of the area. 

Table 5. Attenuation coefficient of the major minerals present in the orebody of Assarel deposit. After Edward 

Lynch (2021 not yet published). 

 

Mineral Attenuation coefficient 

Pyrite 2.56-2.92 

Chalcopyrite 3.29-3.84 

Magnetite/Hematite 4.24-4.68 

Vuggy quartz + clay 0.53-0.65 

Sericite 0.74-0.80 

Quartz 0.85-0.95 

Feldspar 1.1-1.2 

Chlorite 1.30-1.60 / 1.98-2.23 

3.6.1. XCT-XRF scanning, methodology 

In the Orexplore GeoCore X10, the 3D tomography is possible due to the XCT technology, which 

records the difference in attenuation coefficient of every mineral presented in the sample. This 

attenuation coefficient relies on the interaction of the X-ray and the material, and depends on density 

(ρ), atomic number (Z) and thickness (grain size). In the presence of a larger difference in density 

between the minerals, the X-ray beam is attenuated differently, generating distinct values. 

Notwithstanding, a small difference in density between some minerals hamper separation of these 
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phases. Therefore, it is important to highlight the limitation of the technique in differentiating minerals 

with similar attenuation coefficients within the same mineral assemblage (Bam, Miller and Becker, 

2020). 

The quantitative elemental chemical analysis by the Orexplore GeoCore X10 is run with an energy 

dispersive X-ray fluorescence (ED-XRF). This technique is non-destructive, multi-elemental, and 

environmentally friendly, with a high degree of precision and accuracy. It detects elements from Al to 

U, with varying detection limits – from 0.1 ppm to 500 ppm. XRF in general is broadly used in 

geoscience, environmental monitoring, medicine, among other areas (Fitton, 1997; Al-Merey, Karajou 

and Issa, 2005; Nasrazadani and Hassani, 2016). 

The theory behind the XRF spectrometry is based on the measurement of the secondary X-ray energy 

emitted from a sample, which was excited by a primary X-ray source. When the electrons in the K or L 

shells (tightly bound electron energy levels) are excited by radiation from either radioisotope source or 

X-ray tubes, the sample emits X-rays with energies that result in the electrons’ jump from inner to outer 

shells. This phenomenon generates characteristic X-ray peaks for the major and trace elements present 

in the sample, and their heights reflect the concentration. Through dispersion of these secondary X-rays, 

the X-rays collimate and hit a X-ray detector, where the present elements are identified (Fitton, 1997; 

Nasrazadani and Hassani, 2016). 

The novel technology Orexplore GeoCore X10 uses an energy dispersive spectrometer (ED) XRF, 

which measures the energy and intensity of the emitted secondary X-rays (mainly the K and L X-ray 

lines) deposited in a semiconductor crystal. In other words, it measures the charge generation by the 

absorbed X-ray photon in the semiconductor. An ED-XRF spectrometer consists of a sample holder, an 

X-ray source and a Si(Li) detector that is oriented with a certain angle to the primary radiation (Al-

Merey, Karajou and Issa, 2005; Adams, 2019). 

In term of detection limit of an element analysed by this analytical method, it varies and depends on 

three main parameters: (i) sample composition; (ii) excitation method; (iii) the live time of the spectrum 

acquisition (Al-Merey, Karajou and Issa, 2005). According to the same authors, “heavy matrices 

strongly absorb the characteristic X-rays from light elements, thus reducing their peak intensities, while 

light matrices scatter the incident radiation, which increases the background”. Hence, is important to 

have in mind the matrix effect during the data processing. 

For interpretation of the data Pearson’s correlation matrix can be used as a tool to better understand 

the relationship between the detected elements from the XRF analysis This matrix is based on Pearson’s 

correlation coefficient, which is a measure of the linear association between two variables. The values 

range between -1 and 1, with the former indicating a negative linear correlation between two elements; 0 

represents a lack of correlation; and 1 indicates a perfect linear correlation between elements (Swan and 

Sandilands, 1995). 
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4. Results 

4.1. Reflected light microscopy 

Mineralogical observations using reflected light microscopy focused on the opaque minerals, including 

their textural characteristics and parageneses. In this section the most important findings are high- 

lighted, while more detailed descriptions of the samples are given in Appendix 1. Moreover, the 

correlation of the different quartz veins is also presented. 

At Assarel, Cu-Au mineralisation is predominantly associated with quartz veins or fracture fillings 

and occurs as disseminated-style mineralisation in the host-rock. Table 6 presents a summary of the 

mineralisation in the studied samples. 

Table 6. Summary of the mineralisation occurrence in the samples from Assarel drill core XM001. 

 

ID From To Alt. 
Sulph. 

occurrence 

Qtz 

colour 

Sulph. 

style 
Notes 

Parageneses 

(chrono.) 

ASLL12 38.83 38.9 PR + K-SI Qtz+Mt vein 
Milky 

Diss. 
 py/mt, cpy, 

hm 

ASLL01 47.8 48.05 PR + K-SI Qtz+Mt vein 
Grey 

Diss. 
with K- 

felds halos 

py/mt, cpy, 

hm 

ASLL03 51.3 51.4 PR + K-SI Qtz vein 
Milky 

Mass. 
 py, cpy 

ASLL04 53.15 53.3 PR + K-SI 
vuggy Qtz 

vein 

Milky 
Mass. 

 py, cpy 

ASLL02 54.46 54.61 PR + SI 
Qtz +Mt 

vein 

Milky 
Diss. 

with K- 

felds halos 

py, cpy 

 

ASLL05 

 

56.84 

 

57.1 

 

PR + SI 

filling 
fractures in 

Qtz vein 

Milky  

Mass. 
fractured 

Qtz vein 

py, cpy/mt 

ASLL11 68.05 68.12 SI Qtz vein 
Milky 

Diss. 
 py, cpy/mt, 

bn, hm 

 

ASLL14 

 

79.61 

 

79.73 

 

PR + SE 

filling 

fractures in 

Qtz vein 

Milky  

Mass. 

 py (cg), cpy, 

py(fg) 

 

ASLL15 

 

83.73 

 

83.84 

 

PR + K-SI 
Qtz+-Mt 

vein 

Milky  

Mass. 

 py (fg)/mt, 
py (mg), 

cpy, bn/hm. 

ASLL08 107.15 107.25 PR + K-SI Qtz vein 
Grey 

Diss. silica rich 
py/mt, cpy, 

hm. 

ASLL09 110.26 110.38 PR + K-SI Qtz+Mt vein 
Grey 

Diss. 
with K- 

felds halos 

mt, py, cpy, 

hm. 

ASLL16 123.64 123.88 PR + K-SI 
Vuggy Qtz 

vein 

Milky 
Diss. poor in cpy 

py, cpy 

ASLL17 129.7 129.87 PR + K-SI 
vuggy Qtz 
vein 

Milky 
Mass. 

 py, cpy 

ASLL06 141.33 141.56 PR 
vuggy Qtz 

vein 

Milky 
Mass. 

 py/mt, cpy, 

hm 

ASLL07 142.36 142.52 PR 
vuggy Qtz 

vein 
Milky 

Diss. 
 mt, py, cpy, 

hm. 

ASLL10 157.73 157.9 PR + SE 
vuggy Qtz 

vein 

Milky 
Diss. Granitoid 

py, cpy 

ASLL13 197.45 197.54 PR + K-SI Qtz+Mt vein 
Milky 

Diss. 
with K- 

felds halos 

py,mt, cpy, 

hm 
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Pyrite (py) is the most abundant opaque sulphide phase and at least two generation are present. The first 

generation is characterised as coarse grain pyrites (>5 mm), is generally subhedral, commonly fractured 

and locally with poikilitic texture (Fig. 9E). A second generation occurs as fine-grained (1-0.5 mm), 

pristine, sub- to euhedral pyrites that are disseminated in the host rock and may also show a poikilitic 

texture (Fig. 9A and F). It is important to highlight that both the coarse and fine-grained pyrites were found 

to be considerably fractured, in which these fractures are mainly filled with chalcopyrite and sometimes 

by magnetite. According to the order of abundance, the main minerals found as inclusions in pyrite 

crystals were chalcopyrite (cpy), magnetite (mt), bornite (bn), chalcocite (cc). Therefore, multiple 

generations of chalcopyrite and magnetite can be observed, pre-, sin- and post- pyrite crystallisation. 

Partial replacement of pyrite by, chalcopyrite is common. This process can be seen in most samples 

where ragged edges and remain of the replaced minerals are present, some examples are ASLL06 

(141.33m) and ASLL14 (79.61m) (Fig. 9A, and B respectively). In sample ASLL14, a possible third and 

later generation of pyrite (very fine grain) is can be seen filling some thin fractures in the massive 

chalcopyrite. Sample ASLL06 displays not only chalcopyrite replacing pyrite but also filling fractures 

of the pyrite crystals (Fig. 9C). This fracture filling is common in most samples. Later euhedral pyrite 

grown associated with earlier chalcopyrite and magnetite can be observed in sample ASLL12 (38.83m) 

(Fig. 9D). In sample ASLL05 (56.84m), magnetite occurs as inclusions and in the borders of pyrite (Fig. 

9C). Moreover, in this sample, the fractures in the pyrite are filled with gangue minerals. Poikilitic 

texture occurs normally in the fine-grained pyrite, but some coarse-grained ones also displays this 

texture. Sample ASLL12, has a good example of fine-grained poikilitic pyrite, in which the inclusions 

are chalcopyrite, bornite (pinkish brown) and possibly chalcocite (blue) (Fig. 9F). In summary, pyrites 

occur with poikilitic texture or inclusion-free, as well as euhedral to subhedral crystals or with rounded 

edges. The latter is usually associated with the fine-grained pyrites. 

Chalcopyrite (cpy) occurs frequently filling fractures and voids within pyrite crystals or in the 

groundmass, as well as anhedral inclusions in pyrite and magnetite, and locally replacing coarse-grained 

pyrite (Fig.9A, B, C, F). Also, chalcopyrite appears as subhedral fine grained crystals disseminated in 

the groundmass. Possibly, chalcopyrite was mobile during fracturing of both pyrite generations but is 

more common in the coarse grain crystals. Precipitation or remobilisation of chalcopyrite mainly post- 

dates pyrite and magnetite crystallisation. But there are cases where chalcopyrite also occurs as 

inclusions in both minerals (Fig. 10A), suggesting an earlier chalcopyrite event. Samples ASLL17 

(129.70m) (Appendix 1) and ASLL06 (141.33m) (Fig. 9C) display remobilised chalcopyrite, filling 

fractures in brecciated subhedral coarse-grained pyrite crystals, and partially replacing pyrite shown by 

the ragged/rounded edges between these minerals. Of the studies samples, ASLL16 (123.64m) has the 

least chalcopyrite content, which occurs as scattered spotty very fine grain inclusions in pyrite and 

locally fills voids in the vuggy milky quartz groundmass (Appendix 1). 
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Figure 9. A) ASLL06: cpy replacing coarse-grained py. B) ASLL14: cpy intensely replacing py. Remanent pyrite 

can be seen in the upper part of the picture. In addition, some thin fractures within the massive cpy are being filled 

with very fine-grained py (light brown lines) that can indicate a later py event. C) ASLL06: cpy filling fractures 

in coarse-grained brecciated py. D) ASLL12: late euhedral pyrite grown associated with earlier cpy and mt. E) 

ASLL05: subhedral mt as inclusions in py. Gangue minerals as fracture-filling in py. F) ASLL12: poikilitic py 

with minor inclusions of cpy, bn and cc. 
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Magnetite occurs disseminated (anhedral to subhedral), as filling voids in the matrix, and as inclusions 

in fine-grain pyrite. It is generally subordinate not least in comparison to pyrite and chalcopyrite. 

Replacement of magnetite by hematite, most likely due to oxidation (martitisation) is common in most 

samples, and at least two generations of magnetite were identified. Early magnetite is subhedral, locally 

replaced by hematite and occasionally has inclusions of chalcopyrite and bornite (Fig. 10A); and a later 

phase that has filled pores in pyrite (Fig. 9E). The highest abundance of magnetite and hematite are 

found in sample ASLL09 (110.26m). In this sample, the sulphides (chalcopyrite and pyrite) are 

associated with veins composed of grey quartz plus magnetite surrounded by a potassic-rich halo. 

Chalcopyrite partly replaces magnetite and occurs as fracture fillings in the quartz vein. Magnetite is 

also present as inclusions in pyrite (Fig. 10B). A paragenetic interpretation is that magnetite crystalised 

first, followed by pyrite, hematite replacing magnetite, and subsequent chalcopyrite overprinting all 

other minerals. 

A 

 

hm 

 

 

 
 

mt 

cpy/bn 

B 

 

 

cpy 
py

 

hm 

 

 

 

 
mt 

Figure 10. A) ASLL09. Hm replacing mt, and inclusions of cpy and bn in the mt. B) ASLL09. Mt as inclusions in 

a euhedral and fractured py crystal. 

 

The spatial distribution of quartz veins along the drill hole, shows a temporal relative correlation 

between the grey and milky quartz veins, with the former representing the earlier generation, that is cut 

by the later milky quartz generation. The vuggy milky quartz veins are mostly without halos (potassic 

or sericitic) and commonly cut all other generations of veins. Therefore, these veins appear to be the 

latest quartz vein-type formed. It is important to highlight that magnetite occurs in all quartz vein types. 

But it seems to be more abundant associated with the early grey quartz veins. This can be interpreted as 

different magnetite generations precipitated at different stages of deposit development. 

In some of the samples, minor phases of fine-grained bornite, sphalerite, rutile, and titanite were 

identified locally as inclusions in pyrite. Due to their size and spatial distribution, EDS analysis were 

performed in order to better characterise these and other minor phases. These results are given in section 

4.4. 
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4.2. Orexplore whole-rock XCT-XRF 

4.2.1. 3D XRT scans and vein classification 

Based on recording the variation in X-ray attenuation, the scanning 3D XRT imagery result in a 

correlation between geochemical composition and 3D mineral distribution is presented in this section. 

To maintain constancy between research in Assarel deposit within the research team, the rendering 

scheme used was developed by Edward Lynch (2021)7, also working in the same deposit, in which dark 

green domains refers to propylitic alteration, beige regions indicate potassic alteration and/or primary 

wall rock feldspar, and pale grey illustrates sericitic ± silicic alteration domains. Moreover, blue areas 

correspond to pyrite, while bright green-yellow, chalcopyrite, which together represents to sulphide- 

bearing veins. Dark grey domains reflect the magnetite-bearing quartz veins. 

Based on core logging, previous studies, and results from Orexplore GeoCore X10 tomographic 

imaging, were identified six sulphide-bearing vein types in Assarel, formed during three hydrofracturing 

stages. This classification was proposed by Edward Lynch (2021, not published) and is characterised as 

follows. V1-type relates to the pre- to early main Cu-stage and is described as thin chlorite ± pyrite ± 

quartz ± magnetite veinlets exhibiting spatial correlation with propylite altered domains. V2 to V5 types 

are representants of the main Cu-stage. V2-type contains K-feldspar-quartz ± magnetite ± chalcopyrite 

with potassic haloes; V3-type are veins of quartz-pyrite-chalcopyrite ± magnetite ± chlorite ± K-feldspar 

often with potassic haloes. Both V2 and V3 are generally associated with potassic ± propylitic altered 

domains; V4-type comprises pyrite-chalcopyrite ± chlorite with halos of sericite-pyrite ± chlorite ± K- 

feldspar haloes; and V5-type are veins composed of pyrite-chalcopyrite ± quartz ± chlorite, commonly 

with narrow sericitic haloes. Different from V2 and V3, V4 and V5 veins are mostly related to propylitic 

± sericitic alteration. At last, V6-type veins comprise vuggy quartz with minor pyrite ± kaolinite ± 

chlorite, often lacking alteration haloes. While V2 to V5 vein types occurs partially crosscutting 

themselves, V6 veins crosscut the previous types (Lynch E. 2021 - not yet published; Lobo et al., 2022). 

Considering the proposed sulphide-bearing vein classification, the 17 samples from the drill core 

XM001 were classified based on macro-observations and microscopy (Table 7). 

Figure 11 displays samples ASLL14 (Fig. 11A), ASLL09 (Fig. 11B), ASLL17 (Fig. 11C), ASLL13 

(Fig. 11D), and ASLL15 (Fig. 11E) emphasising the chalcopyrite and pyrite mineralisation vein-types. 

Samples ASLL14, ASLL17, ASLL13 and ASLL15 represent the sulphide-bearing veins in different 

stages. ASLL17 is associated with the later-stage vuggy quartz; ASLL13 exhibits potassic halos, being 

a representant of the V3-type of the main Cu-stage, ASLL15 comprise the early Cu-stage, V1-type, 

associated with the propylitic altered domains, whereas ASLL09 corresponds to the magnetite- bearing 

quartz vein (V2-type) also of the main Cu-stage. 

 

 

 
7 See methodology of XRF/XCT in section 3.6. 
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Table 7. Synthesis of the classification of Assarel sulphide-bearing vein types proposed by Edward Lynch (2021- 

not published) and classification of the 17 samples from drill core XM001. 

 

Relative age Type Composition Spatial correlation XM001 samples 

(this study) 
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V1 

 
Thin chl ± py ± qtz ± 

mt veinlets 

 
Propylite-altered domains, some with 

thin chl haloes. 

 
ASLL15 

ASLL11 

  
M

ai
n

 C
u

-s
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g
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V2 K-felds- qtz ± mt ± cpy 
Potassic haloes (K-feld ± hm ± bt ± 

chl) 
ASLL09 

 
V3 

 

qtz-py-cpy ± mt ± chl ± 

K-felds 

 
Potassic haloes 

ASLL01 

ASLL12 
ASLL08 

ASLL13 

 
V4 

 
qtz-py-cpy± chl 

 
Ser-py ± chl ± K-felds haloes 

ASLL14 

ASLL03 

ASLL02 

ASLL05 

V5 py-cpy ± qtz ± chl Narrow sericitic haloes  

  
L

at
e-

st
ag

e 

 

 
V6 

 
 

vuggy qtz ± py ± kao ± 

chl 

 

 
No alteration haloes 

ASLL04 

ASLL16 

ASLL06 

ASLL07 

ASLL10 
ASLL17 
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Sample 

ID 
3D XRT scan Photomicrograph 1 (5x scale) Photomicrograph 2 (20x & 50x scale) 

Microscopy - 

main features 

A   

 
 

 

 

 

 

 
cpy 

 

 

py 

 

Cpy is the main ore phase. 

Small euhedral py occurs 

within microfractures in cpy. 

Py is also present as coarse- 

grained fractured crystals 

with cpy inclusions. Along 

some of the fractures and the 

margins of the crystals, py is 

locally replaced by cpy. 

 

 

 

 

 
ASLL14 

 
V4-type 

B  
 

 
 

 

 

 

 

 

 

 

hm mt 

cpy 
bn 

 
Disseminated mt, partially 

replaced by hm. Cpy as 

inclusions in mt, with cpy 

locally altered to bn. Also, in 

the qtz-matrix and filling 

fractures in mt. Py as 

disseminated fine-grained 

anhedral to subhedral 

crystals in the qtz vein. 

 

 

 

 

 
ASLL09 

 

V2-type 
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C  
 

 

 

 

 

 

 
cpy 

py 

 

Coarse-grained euhedral to 

subhedral py is generally 

more abundant than cpy. 

Cpy is present at the margin 

of the vein, as well as 

fracture filling and 

inclusions in py. Fine- 

grained py and cpy occur 

disseminated in the qtz vein. 

 

 

 

 

ASLL17 

 

V6-type 

D  
 

 

 

 

 

 

 
 

py 

 
cpy 

Fine to medium-grained 

poikilitic py with inclusions 

of cpy, mt and titanite/rutile. 

Cpy occurs also as fracture 

filling (mt associated) in 

medium-grain py, as well as 

locally replacing py and 

disseminated in the matrix. 

Fine-grained mt 

disseminated, locally 

replaced by hm. 

 

 

 

 

 
ASLL13 

 

V3-type 
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E  
 

  

 

 
 

cpy 

 

py 

 
py 

 
bn 

Fine- to medium-grained 

poikilitic py, with inclusions 

of cpy, minor bn, mt and cc. 

Some of the cpy inclusions 

are locally replaced by bn. 

Fine-grained cpy, py and mt 

occur also disseminated in 

the qtz-matrix. Locally hm 

replacing mt. 

 

 

 

ASLL15 

 
V1-type 

Figure 11. Examples of 3D XRT scans on different intervals along drill hole XM001, with corresponding reflected light photomicrographs. A) ASLL14: V4-type, shows 

the sulphides-bearing vein composed of both py (blue) and cpy (green yellow). B) ASLL09: V2-type, displays the magnetite-bearing quartz vein associated with cpy, mt/hm 

are in red. C) ASLL17: V6-type, shows the sulphide-bearing vein of py and cpy associated with vuggy qtz vein. D) ASLL13: V3-type, with potassic halo. E) ASLL15: V1-

type in the propylitic alteration domain. 
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4.2.2. Drill core scanning X-Ray Fluorescence (XRF) 

Drill core XFR analysis was performed with the Orexplore GeoCore X10 and the average elemental 

concentrations for each sampled interval were calculated excluding those values below the detection 

limit and significantly above the mean. Considering the current technical limitations of the scanning 

technology, the chemical results of the drill hole XM001 is presented as follows (APPENDIX 2 and 3). 

The XRF measurements revealed relatively high concentration of Cu, Fe, S, and Ti – a critical metal 

-, with averages of ~0.2wt%, ~3;0wt%, ~2.5wt% and 2444 ppm respectively, considering all samples 

analysed. Also, trace amounts for Zn, Co, and Mn were detected. Appendix 2 displays the chemical 

results from XRF analysis. The diagram below shows the down-hole variation of the mentioned major 

elements in XM001 (Fig. 12). 

    

Figure 12. XRF whole-rock results displaying the concentrations of Cu, Fe, S and Ti along sampled drill hole 

XM001 with respect to depth. Note: the dots represent the studied samples. 

 

Overall, the results show that sulphur (S), copper (Cu) and iron (Fe) have a similar distribution 

throughout the drill core, with a particular decrease in concentration of Cu below around 157 m depth, 

while Fe and S show similar behaviour. This could be seen as a possible preference in crystalising pyrite 

and magnetite over chalcopyrite at deeper levels. From this depth downwards, Cu and Ti show identical 

patterns, showing systematic decrease in concentration. The highest concentrations of Cu (> 0.3wt%) 

are present at samples ASLL12 (38.83m), ASLL08 (107.15m), ASLL06 (141.33m), and ASLL07 

(142.36m), while the lowest concentrations (0-0.1wt%) of the element are found at samples ASLL03 

(51.3m), ASLL02 (54.46m), and ASLL11 (68.05m). Samples ASLL12, and ASLL08, both V2-type vein 

(sulphide bearing), have chalcopyrite disseminated, mostly filling voids or fractures in the groundmass 

and in pyrite crystals, or replacing partially pyrites. Samples ASLL06, and ASLL07 are from V6-type, 

which is the late-stage of Cu mineralisation associated with milky vuggy quartz veins. In these samples, 

chalcopyrite occurs mainly as aggregates with a semi-massive habit (Fig. 11A), commonly replacing 
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and filling the fractured pyrites. Fe concentrations are the highest (> 3wt%) in samples ASLL12, 

ASLL01 (47.8m), ASLL04 (53.15m), ASLL14 (79.61m), ASLL08, ASLL16 (123.64m), ASLL17 

(129.7m), ASLL06, and ASLL07. On the other hand, the lowest Fe concentration (< 2wt%) occurs in 

samples ASLL02, ASLL11, and ASLL10 (157.73m). 

Titanium (Ti) shows its highest values (> 3000 ppm) in samples ASLL01, ASLL03, ASLL04, 

ASLL15 (83.73m) and ASLL17. This element is at its lowest concentration in samples ASLL12, and 

ASLL13 (197.45m). Titanium is an inert element, which means that it is mostly immobile during 

alteration processes. However, under considerable changes in the volcanic rocks derived from 

hydrothermal alteration, such as during advanced argillic alteration, present at Assarel porphyry deposit, 

it becomes partially mobile (Hikov, Lerouge and Velinova, 2010; Hikov, 2011, 2013). Hikov (2013) 

showed that Ti at Assarel is mostly inert during propylitisation, argillitisation, and sericitisation, whereas 

in advanced argillic zones Ti concentrations vary significantly, but its behaviour is still relatively inert 

compared to other elements. Moreover, Cioacă et al. (2020) has reported titanite and rutile as Ti-bearing 

phases at Assarel. In addition, ilmenite has been also identified at Elatsite porphyry Cu deposit in the 

Panagyurishte District (Strashimirov et al., 2003), therefore, the high concentration of Ti is most likely 

to be associated with the crystallisation of these minerals. Another possibility is that Ti might be also 

within magnetite, replacing 2Fe3+ for Ti4++Fe2+, forming titanomagnetite (Moskowitz, Jackson and 

Chandler, 2015). However, further punctual analysis in magnetite is necessary to better access its 

composition and evaluate the presence of Ti in this mineral. 

4.2.3. Detected trace elements in the drill hole XM001 with GeoCore X10 XRF 

Regarding the measured trace concentration (<0.1wt%) of Co, Zn, and Mn, Figure 14 displays their 

behaviour along drill hole XM001. 

Overall, cobalt (Co) and manganese (Mn) were found in higher concentration at shallower depths 

until around 50 m, and at ASLL07 (142.36m). Higher concentrations of Co (>0.1%) were also found at 

ASLL12 (38.83m), ASLL01 (47.8m), ASLL03 (51.3m), ASLL04 (53.15m), and ASLL07. In contrast, 

Co was not detected at ASLL02 (54.46m), ASLL11 (68.05m), ASLL17 (129.7m), and ASLL10 

(157.73m). The highest concentration (>200 ppm) of zinc (Zn) was detected at ASLL04 (53.15m), 

followed by ASLL10 (157.73m) with 89 ppm and ASLL15 (83.73m) with 63 ppm. Both samples 

ASLL04 (53.15m) and ASLL10 (157.73m) represent V6-type veins (late-stage vein type with vuggy 

quartz and lacking in alteration haloes) that contain coarse grained pyrite and later chalcopyrite in 

fractured pyrite and filling the intracrystalline fractures. No clear inclusions were identified at these 

samples; thus, these elements probably occur as traces in the pyrite and chalcopyrite. Manganese was 

detected with concentrations above 600 ppm at ASLL12 (38.83m), ASLL01 (47.8m), ASLL04 

(53.15m), and ASLL11 (68.05m), while the lowest amount was detected at ASLL14 (79.61m), 92.8 

ppm.  

It is interesting to highlight those peaks of Co, Zn and Mn were identified at sample ASLL04 
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(53.15m), as well as no Zn and Co, together with small amounts of Mn were detected at depth sample 

ASLL02 (54.46m). As mentioned previously, ASLL04 is part of the V6 vein type. On the other hand, 

sample ASLL02 was classified as a V4-type vein associated with propylitic alteration, composed mostly 

of medium to fine grained pyrite with poikilitic-like texture and small chalcopyrite inclusions of pyrite. 

LA-ICP-MS results will be presented and discussed in section 4.3, which can reveal if there are different 

geochemical signatures associated with the trace elements in the ore phases for the different vein types. 

 

   

Figure 13. XRF whole-rock results displaying trace concentrations of Co, Zn and Mn in the drill core XM001. 

The correlation matrix is presented in Appendix 3. Positive correlations indicate a possible affinity 

between the detected elements from the XRF analysis, thus a greater chance of them occurring in the 

same mineral phase. On the other hand, negative correlation can reveal the probability of elements that 

are replacing each other in the crystal structure of a certain mineral. 

Vanadium (V) was only detected at samples: ASLL05 (56.84m - 1837 ppm) and ASLL17 (129.7m - 

1380 ppm). These samples represent V4-type vein associated with intense silicification, and V6-type 

related to major propylitic and minor potassic-silicic alterations. Tin (Sn) was detected at ASLL05 (54.6 

ppm). The correlation matrix of elements shows a positive relationship between Sn and S (0.4), while 

slightly negative with Cu and Fe, -0.19 and -0.13, respectively, thus it can possibly indicate that Sn might 

be replacing locally Cu or Fe in the chalcopyrite crystal structure at sample ASLL05. Previous studies 

identified an increase in Sn concentration in recrystalised chalcopyrite. However, as primary host of Sn, 

other base metal sulphides such as galena and sphalerite are also considered, once partitioning behaviour 

of Sn between these minerals appears to be very with yet undefined parameters, showing no favoured 

trend (George, Cook and Ciobanu, 2016, 2017). In addition, high correlations between V and Sn is 

shown (0.78), indicating that possibly both are present in the same mineral phase. Chromium (Cr) was 

detected at samples ASLL01 (47.8m - 299 ppm), ASLL04 (53.15m - 82 ppm) and ASLL07 (142.36m - 

194 ppm). In terms of selenium (Se), the element was only found in seven samples, within which its 
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highest concentrations (>30 ppm) are at shallower depths (ASLL12: 38.83m – 41 ppm; ASLL04: 53.15m 

– 32 ppm) and the lowest concentrations at greater depths at sample ASLL13 (197.45m - 5 ppm). 

The highest concentration of cadmium (Cd) was detected at sample ASLL14 (79.61m - 68 ppm), 

which is associated with propylite and minor phyllic alteration types and a V4-type vein. In the same 

interval, Zn presented one of the lowest values (1.6 ppm). Besides, lower concentrations of Zn and Cd 

were identified at ASLL09 (110.26m - 3.4 ppm) and ASLL06 (141.33m - 2.8 ppm). The former sample, 

a magnetite-bearing vein, V2-type, and the latter one a vuggy quartz sulphide-bearing vein, V6-type. 

These results may indicate the presence of minor sphalerite inclusions or Zn and Cd occurring as trace 

elements in one of the ore mineral phases. 

It is important to mention, however, that the GeoCore X10 XRF analysis is a whole-rock technique 

and less sensitive than in situ LA-ICP-MS analysis. Therefore, the measurements were not focused on 

specific minerals, also very low concentrations of elements were not detected, increasing the error mostly 

for the measurement of trace elements. 

4.3. Identification of inclusions by EDS analysis 

Additional EDS analysis performed in samples ASLL15, ASLL08, ASLL06, and ASLL13 was able to 

identify phases of Ti-bearing minerals in ASLL08, ASLL13, and ASLL15 as pyrite inclusions or in 

disseminated in the groundmass. Rutile (TiO2) was detected in samples ASLL08 (Fig.13A), ASLL13, 

and ASLL15, while titanite (CaTiSiO5) was found in samples ASLL13 (Fig.13B) and ASLL15. 

Normalisation by oxygen was performed with the EDS data for titanite and rutile-ilmenite exsolution. 

Sample ASLL13 (V3-type) has occurrences of titanite as inclusions in coarse grain pyrites 

[Ca1.037Ti0.877(Si0.987O5)] (Fig. 13B) and disseminated in the ground mass [Ca1.039Ti0.842(Si1.001O5)]. While 

in sample ASLL15 (V1-type) just as disseminations in the host rock [Ca0.972Ti0.886(Si0.999O5)]. Titanite 

composition appears to not vary significantly between the samples and in occurrence style - 

disseminated or included in the pyrite. Even though 100% TiO2 occurs mainly disseminated in all 

samples analysed, the exsolution rutile-ilmenite is also present normally in the vicinities of pyrite 

crystals and sometimes as inclusion of this ore mineral (Fig. 13A), such as in sample ASLL08 (V3- 

type). In ASLL08 the rutile-ilmenite exsolution occurs predominantly as Fe1.723Ti0.138O2 when inclusions 

in pyrite, and Fe0.0116Ti0.994O2 when disseminated in the ground mass. It is noticed an enrichment in Fe 

as well as a decrease in Ti when it occurs as inclusions in pyrite compared with the disseminations. Most 

likely, in this context, the pyrite is the main source for the Fe enrichment of the rutile-ilmenite inclusions. 

On the other hand, in both samples ASLL015 and ASLL13, rutile occurs predominantly disseminated 

in the host rock and its composition is closer to 100% TiO2. The main different between these two 

samples is the abundance of rutile, which is greater in ASLL15. 

Primary Ti-rich mineral phases in magmatic rocks such as titanite, biotite, Ti-magnetite and 

ilmenite can be dissolved/breakdown in a later hydrothermal alteration stages, like in advanced argillic 

alteration, which is associated with lower temperature (~250ºC) and acidic fluids, resulting in 
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precipitation of Ti as rutile, a very stable mineral in highly acidic conditions (Hikov, 2013; Schirra and 

Laurent, 2021). The Assarel deposit was intensely affected by hydrothermal alteration, well recognised 

by multiple authors (Strashimirov, Petrunov and Kanazirski, 2002; Popov et al., 2003). Later sericitic 

and advanced argillic alteration processes overprinted the paragenetically earlier K-silicate alteration, 

and the observed alteration zoning is a result of multiple development of advanced argillic alteration, 

seicitisation, argillisation and prophylitisation from the core to the peripheral parts of the deposit, as 

well as from the top to the bottom (Hikov, 2013). Having this in mind, rutile becomes a stable Ti- phase 

in the acidic altered rocks of Assarel deposit (Hikov, 2013). 

The EDS results showed that both titanite and rutile coexist in the deposit, however rutile apparently 

is more abundant than titanite taking into consideration the amount of detected rutile and rutile-ilmenite 

in the analysed samples. Thus, the rutile occurrence might be related to the extensive advanced argillic 

alteration process that affects largely the rocks of the Assarel deposit. In addition, samples of the same 

vein type differed in respect to the occurrence of titanite (e.g. ASLL08 at 107 m depth with no titanite 

and ASLL13 at 197 m depth with titanite), which can be likely interpreted as a locally distinct intensity 

of acidic hydrothermal fluids altering the rocks in relation to the depths. 

Sphalerite ((Zn,Fe)S) and galena (PbS) were identified in sample ASLL06 at 141 m depth as 

inclusions in coarse grain pyrite (Fig. 15C and D, respectively). Locally, Cd was detected in the 

sphalerite, suggesting that Cd is in solid solution and a likely substitution of Zn for Cd in the crystal 

structure of this mineral. Likewise, Se was identified in the galena inclusions, implying that Se might 

be in solid solution in this mineral. 
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Sample ID Backscattered electron image - map Spot Compositional 

diagrams 

 

 

 

 

 
ASLL08 

(V3-type) 
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Figure 14. Backscattered electron image by EPMA-EDS. A) ASLL08: Rutile in spots 002 and 004 is highlighted by the two compositional diagrams at the right. B) 

ASLL13: Titanite in spots 001 and 004 with the compositional diagram. 
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Sample ID Backscattered electron image - map Spot Compositional 

diagrams 

 

 

 

 

 
ASLL06 

(V6-type) 
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001 
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(from 
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ASLL06 

(V6-type) 

 

D 

 
002 
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Figure 15. Backscattered electron image by EPMA-EDS. A) ASLL06: Sphalerite in spots 001 and 001* is highlighted by the two compositional diagrams at the right. B) 

ASLL06: Galena in spots 002 and 003 with the compositional diagram hosted by pyrite. 
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4.4. Trace elements concentration in pyrite and chalcopyrite by LA-ICP-

MS 

LA-ICP-MS analysis was employed in eight (8) samples from Assarel drill core XM001: ASLL04 

(53.15m), ASLL02 (54.46m), ASLL14 (79.61m), ASLL15 (83.73m), ASLL09 (110.26m), ASLL17 

(129.7m), ASLL07 (142.36m), and ASLL10 (157.73m). The goal was to identify trace elements in pyrite 

and chalcopyrite, therefore, in order to improve the reliability of the results, the target spots were 

carefully selected during microscopy focusing on clear surfaces, free of inclusions, also avoiding pores 

and microfractures, which can concentrate some trace elements like Au (Cook et al., 2016). 

Nevertheless, is not possible to assure inclusions at depth, thus some interference or high background 

counts might occur, therefore, further refinement to remove major outliers was done. 

In total 126 spots were analysed, within which 38 in chalcopyrite and 88 in pyrite. Concentration 

averages, minimum, maximum and standard deviation of detected trace elements in these two ore 

minerals were calculated and are presented in Tables 9 and 10. For the elements with concentration 

below the detection limit (LOD, ~0.5 ppm), the calculation was done using half of their respective 

detection limit. The complete dataset displaying all spots analysed is available in appendix 4 and 5. 

Furthermore, the deviation from the reference values in less than 1% for all elements measured. 

4.4.1. Trace elements in Pyrite 

In the analysed pyrites from the centre of Assarel ore body Bi, Co, Se, As, Ni, Sn, Cu, Te, and Pb values 

are mostly above detection limit, whereas Au and Ag were detected at low concentrations in some 

samples and Re, Sb, In, Cd, Pd, Mo, Ga, Zn and Mn are, in general, below the detection limit (LOD 

~0.5 ppm). Pyrite exhibits a certain compositional variance between grains of the same sample, as well 

as between and within the vein types. For some trace elements such as Co, Pb, As, Bi and Te, for 

instance, the variations in ppm can span some orders of magnitude, as displayed on table 9 (APPENDIX 

4). 

Bismuth concentrations range from 0-21.6 ppm, with the highest average values in samples ASLL07 

and ASLL17, with 21.54 and 15.38 ppm respectively, both V6-type sulphide bearing veins. The lowest 

average value is in sample ASLL14, a V4-type vein. Similar trend is observed for Te in samples ASLL07 

and ASLL17, in which Te reaches its highest average values of 66.16 and 30.27 ppm, respectively. 

Conversely, sample ASLL15, a V1-type sulphide-magnetite bearing vein, has the lowest average 

amount of Te, with 1.31 ppm. Te and Bi occur either as inclusions (Fig. 16 A and B (only for Bi)), or as 

part of the pyrite composition (solid solution), mostly presenting a zoning pattern (Fig. 16 C and D). 

Among the trace elements, Se presented one of the lower variations throughout the analysed samples. 

Its highest concentration was detected in sample ASLL09 (294 ppm), the V2-type magnetite bearing 

vein, while the lowest average value is in sample ASLL10 of about 84 ppm (V6-type sulphide- bearing 

vein). LA-ICP-MS laser-signal diagrams show that Se is in fact in solution (substitution) in the pyrites 

of Assarel (Fig. 16 A, B, C, D). 
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In terms of As, its highest average concentration of it was found in sample ASLL09 of the V2-type 

magnetite bearing vein with 86.52 ppm. In this sample, spot 147 registered about 355 ppm. Sample 

ASLL10 of the V6-type sulphide bearing vein registered an average of 82 ppm, while ASLL17, of the 

same vein type, around 22 ppm of As. In addition, ASLL10 had the highest value of As, 680 ppm in 

spot 56, a fine grain pyrite (Fig. 16 D). In the LA-ICP-MS time-signal diagrams below is possible to see 

that As is part of the pyrite composition and it presents mostly a zoning pattern (Fig. 16 A to F). 

Relatively high Co concentrations occur in samples ASLL09, with 673.46 ppm (V2-type), followed 

by sample ASLL15, with 133 ppm (V1-type). Meanwhile, all samples from V4 and V6-type vein 

registered less than 78 ppm Co. The lowest amount was found in sample ASLL04, a V6-type, with 4.43 

ppm. Following a similar behaviour, samples ASLL15 and ASLL09, also recorded the highest content 

of Ni, of about 39 ppm and 23 ppm, respectively, while the V4 and V6 vein types presented very low 

concentrations of Ni, below 11 ppm. Apparently, higher concentrations of Co and Ni relate to the pre- 

to early and to the main Cu mineralisation stage and greatly to the magnetite bearing vein type. 

Furthermore, the pyrites investigated in these two samples were medium to fine grain and with poikilitic 

texture and minor inclusions. Further studies are required in order to observe if this trend persists, since 

only two samples from these vein types were analysed. High values of Co and Ni reflects mostly pyrite 

composition, such as the example from spot 119 (ASLL15) (Fig. 16 E), sometimes showing zoning 

pattern like in spot 149 (ASLL09. Fig. 16 G), but also can occur as inclusions like in sample ASLL09 

in spot 147 (Fig. 16 C). When Co in solid solution with the pyrite, is likely that it substitutes Fe in the 

crystal structure due to similarity between their ionic and structural affinity (Rivas-Romero et al., 2021). 

Average concentrations of Pb range from 1.14 (ASLL04) to 80.56 ppm (ASLL17). Pb values varies 

significantly between the samples and within the vein types, not showing an apparent trend in relation 

to the vein types, but a more localised variation, instead. The time-signal diagrams show that Pb occurs 

either in solid solution with pyrite (e.g.,147 – Fig. 16C), sometimes showing some zonation patten (e.g., 

spots 056 – Fig. 16D, and 149 – Fig. 16F), or as inclusions of galena. Galena inclusions can be identified 

for instance with the peaks of Pb plus Bi and Ag in spot 094 (Fig. 16B), also with Pb plus Bi, Te, and 

Ag peaks in spot 163 (Fig. 16A), and Pb plus Bi and Ag in spot 130 (ASLL02). The highest value for Pb 

were registered in samples ASLL17, > 400ppm and it is associated with a galena inclusion (peaks of Pb 

plus Bi and Ag). Spot 100 (Fig. 16G) registered the second highest value for Pb (>200 ppm), different 

from the previous spot, Pb here apparently is in solid solution with the pyrite and shows an irregular 

pattern, suggesting some zonation. This spot is also interesting for other observations. In contrast to 

most samples, Ti was detected in this spot and as Pb, it shows a zonation pattern, similar trend occurs 

with Sb and Sn. In addition, Cu, As, Au, Ag, Bi, Te, Co, Zn, Se, Mn, Ni, and Ga show a flat pattern, 

suggesting a homogeneous trace element composition. 
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Table 8. Trace elements chemistry of Assarel pyrite. 

 

Vein type 
Sample ID & 

depth 

Nº of 

spots 
Co (ppm) Ni (ppm) As (ppm) Se77 (ppm) Se80 (ppm) Ag (ppm) Sn (ppm) Te (ppm) Au (ppm) Pb (ppm) Bi (ppm) Cu (ppm) 

 

V1 

Aver.  
ASLL15 

(83 m) 

 

15 

133.02 23.33 0.47 253.30 257.19 0.21 0.07 1.31 0.01 2.09 1.40 32.82 

Std 156.91 14.79 0.88 106.89 108.26 0.45 0.14 1.54 0.02 4.57 2.45 76.77 

Min 0.73 4.07 0.06 87.85 83.71 0.02 0.02 0.25 0.00 0.02 0.02 0.51 

Max 468.45 50.97 3.42 402.86 403.36 1.64 0.58 5.42 0.06 17.67 9.12 285.27 

 

V2 

Aver.  
ASLL09 

(110 m) 

 

5 

673.46 39.12 86.52 292.94 293.78 5.72 0.17 5.40 0.07 21.02 9.00 538.75 

Std 366.08 44.90 151.49 222.74 223.35 10.60 0.16 6.18 0.07 26.85 10.78 711.52 

Min 366.39 1.38 1.55 110.56 107.26 0.02 0.02 1.90 0.01 2.58 0.35 0.75 

Max 1245.85 115.68 354.59 589.19 587.08 24.55 0.39 16.40 0.16 67.61 27.49 1667.60 

 

 

 

V4 

Aver.  
ASLL02 

(54 m) 

 

15 

37.76 3.64 2.00 127.50 129.09 0.10 0.04 2.18 0.02 1.38 2.05 0.60 

Std 46.61 3.04 4.17 28.23 28.85 0.26 0.02 3.35 0.05 2.51 5.61 1.08 

Min 1.81 0.18 0.07 97.03 98.13 0.02 0.02 0.28 0.00 0.02 0.02 0.04 

Max 164.18 9.76 15.03 201.77 209.03 1.03 0.10 12.33 0.20 8.82 21.48 3.67 

Aver.  
ASLL14 

(79 m) 

 

5 

34.15 5.42 4.03 208.96 208.41 0.19 0.04 6.58 0.00 13.84 0.53 8.69 

Std 63.34 3.23 5.62 128.41 128.42 0.25 0.01 5.74 0.00 23.61 0.68 14.37 

Min 0.28 1.66 0.70 63.35 63.96 0.02 0.02 0.35 0.00 0.03 0.01 0.68 

Max 147.22 8.67 13.93 394.44 393.92 0.60 0.05 16.00 0.01 54.81 1.34 34.16 

 

 

 

 

 

 

 

 
V6 

Aver.  
ASLL04 

(53 m) 

 

11 

4.43 1.06 0.74 216.56 216.25 0.32 0.03 8.52 0.00 1.14 4.85 857.26 

Std 4.88 1.26 0.45 86.28 87.23 0.84 0.01 8.51 0.00 2.78 15.70 2841.96 

Min 0.41 0.11 0.07 81.25 80.15 0.01 0.02 1.23 0.00 0.01 0.01 0.04 

Max 12.36 3.15 1.36 321.77 321.65 2.85 0.04 30.41 0.01 9.29 52.20 9426.09 

Aver.  
ASLL17 

(129 m) 

 

10 

77.23 6.86 21.72 213.76 215.31 5.03 0.35 30.27 0.11 80.56 15.38 44393.91 

Std 79.31 8.29 50.64 143.71 146.08 8.19 0.50 35.20 0.14 139.92 14.90 131482.41 

Min 0.79 0.09 0.85 44.30 46.05 0.03 0.02 4.26 0.00 0.02 0.02 0.16 

Max 218.96 23.81 164.53 498.93 507.23 23.05 1.63 119.67 0.43 418.63 44.78 418031.00 

Aver.  
ASLL07 

(142 m) 

 

16 

70.05 3.83 4.27 278.31 281.62 3.96 0.07 66.18 0.01 2.35 21.54 439.12 

Std 74.05 4.57 6.13 195.61 198.98 13.76 0.08 83.34 0.02 2.75 58.07 932.36 

Min 1.37 0.16 0.06 45.95 48.66 0.02 0.01 2.45 0.00 0.02 0.01 0.18 

Max 237.60 13.89 21.05 653.24 663.95 55.42 0.36 265.98 0.06 8.44 237.83 3475.34 

Aver.  
ASLL10 

(157 m) 

 

11 

16.43 10.95 81.72 83.81 83.76 0.92 0.43 6.61 0.16 15.10 3.45 518.60 

Std 46.60 23.83 202.44 36.75 36.35 1.28 0.70 5.59 0.22 34.04 9.26 772.58 

Min 0.23 0.11 0.06 42.99 44.52 0.02 0.02 0.85 0.00 0.02 0.02 0.04 

Max 156.51 79.78 680.57 155.91 155.80 3.48 1.94 18.50 0.68 115.87 31.17 2230.99 
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Table 9. Trace elements chemistry of Assarel chalcopyrite. 

 

Vein 

type 

Sample ID & 

depth 

Nº of 

spots 

Zn 

(ppm) 

Se77 

(ppm) 

Se80 

(ppm) 

Ag 

(ppm) 

Cd 

(ppm) 

In 

(ppm) 

Sn 

(ppm) 

Te 

(ppm) 

Au 

(ppm) 

Pb 

(ppm) 

Bi 

(ppm) 

 
 

V2 

Aver.  

ASLL09 

(110 m) 

 
 

1 

11.20 475.00 473.54 42.34 2.53 2.27 0.68 2.67 0.01 15.83 10.78 

Std (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

Min (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

Max (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

 
 

V4 

Aver.  

ASLL14 

(79 m) 

 
 

10 

7.75 307.87 309.49 15.03 2.10 1.65 0.94 3.20 0.02 59.34 0.94 

Std 0.87 79.15 79.05 2.97 1.00 0.27 0.24 2.36 0.01 31.92 0.57 

Min 6.01 147.14 152.72 9.02 1.23 1.40 0.56 1.09 0.00 27.23 0.47 

Max 8.92 395.42 399.42 18.97 3.88 2.17 1.28 7.28 0.05 107.78 2.43 

 

 

 

 

 

 

 

 

 
V6 

Aver.  
ASLL04 

(53 m) 

 
 

5 

0.49 187.00 187.96 8.71 1.65 0.01 0.03 6.29 0.01 8.00 20.75 

Std 0.54 15.55 17.17 11.58 2.08 0.00 0.02 2.72 0.01 8.57 28.52 

Min 0.08 168.68 170.10 0.02 0.23 0.01 0.02 2.81 0.00 0.06 0.56 

Max 1.35 205.89 210.08 28.29 5.24 0.02 0.06 10.35 0.03 20.43 61.51 

Aver.  

ASLL17 

(129 m) 

 

 
6 

43.89 228.59 233.87 5.56 3.73 1.92 0.66 1.64 0.03 20.47 7.90 

Std 59.49 91.12 92.46 4.41 3.70 0.69 0.21 1.15 0.04 16.59 8.41 

Min 7.53 83.22 83.46 2.64 1.09 0.58 0.39 0.98 0.00 5.17 2.78 

Max 149.64 369.88 373.27 14.04 9.47 2.48 0.92 3.94 0.09 50.79 24.87 

Aver.  

ASLL07 

(142 m) 

 
 

10 

38.38 205.34 205.58 6.32 6.48 2.82 0.86 2.00 0.03 3.66 9.83 

Std 27.30 56.79 56.66 2.19 4.67 0.14 0.14 1.42 0.07 2.82 6.11 

Min 13.11 137.33 137.51 3.98 1.34 2.54 0.53 1.02 0.01 0.78 3.64 

Max 88.06 273.99 276.91 10.12 16.75 3.00 1.00 5.36 0.22 9.28 18.78 

Aver.  

ASLL10 

(157 m) 

 

 
6 

937.02 227.48 229.40 4.03 113.34 3.66 1.23 2.14 0.03 10.57 13.65 

Std 2274.17 43.06 40.42 1.30 271.51 1.51 0.44 2.05 0.02 3.24 4.39 

Min 2.43 163.34 161.64 2.58 0.57 1.25 0.45 0.98 0.02 5.23 6.92 

Max 5579.14 290.15 282.08 6.03 667.56 5.17 1.63 6.13 0.06 13.57 18.06 
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In comparison with the other detected trace elements, Cu presented the highest variability (in ppm) 

0.06<Cu<418031. It was detected in all pyrite samples, with the highest average value in sample 

ASLL17 with about 4 wt.%, and the lowest in sample ASLL02 with 0.60 ppm. This high value of Cu 

corresponds in fact to a chalcopyrite associated with in the pyrite, probably at depth, that was measured 

by the laser as can be seen in Figure 16 B. However, in general chalcopyrite is the most common 

inclusion of pyrite from the central part of Assarel deposit, which is reflected by the high concentrations 

of Cu (e.g., spot 163 in Fig. 16A). Other minor Cu-bearing sulphides phases such as bornite are also 

present, as identified in the petrography, but it is significantly less abundant. 

Regarding the trace elements Au, Sb, In, Cd, Ag, Pd, Mo, Ga, Zn and Mn, some results can be 

highlighted. In sample ASLL09, Mn and Ag reached their highest values among the analysed samples. 

Mn has average concentrations ranging from 1.3 to ~311 ppm, while Ag presented values between 0.10 

to 5.72 ppm. Spot 146, from ASLL09, registered not only the highest content of the Mn (310.92 ppm), 

but also 3.14 ppm of Ag. Peaks of Mn, Zn and Ga are related to an inclusion, possibly of a silicate (e.g., 

mica), whereas Ag is more associated with zonation within the pyrite. Similar zoning pattern for Ag is 

observed in spot 149 from the same sample ASLL09. Within which, Ag concentration reached its 

highest value of 24 ppm (Fig. 16F), with the average value of 5.72 ppm for the sample. On the other 

hand, in this spot, a low concentration of Mn of 1.64 ppm was detected. 

Low average amounts of Au were detected in all samples, having ASLL09 (0.07 g/ton), ASLL10 (0.16 

g/ton), and ASLL17 (0.11 g/ton) with the highest values. It is interesting to highlight that most of the 

high amounts are related to fine grain pyrites. Overall, Au concentration ranges from 0.01 to 0.68 g/ton, 

with only few spots with values above 0.2 g/ton. In general, pyrites from Assarel are depleted in Au. 

Once detected, Au is either part of the pyrite composition, like in spots 147 (Fig. 16C), 056 (Fig. 16D), 

and 100 (Fig. 16G), or as minute inclusions, possibly native Au, as in spots 163 (ASLL07 – 0.03 g/ton) 

and 130 (ASLL02 – 0.20 g/ton). 
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Figure 16. Examples of LA-ICP-MS time-signal diagrams presenting trace element distribution in pyrites from 

Assarel. Flat patterns indicate homogeneous trace element composition, undulating patterns show compositional 

zoning for trace elements. Peaks can indicate mineral inclusion. 
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Figure 16 (continuation). Examples of LA-ICP-MS time-signal diagrams presenting trace element distribution 

in pyrites from Assarel. Flat patterns indicate homogeneous trace element composition, undulating patterns show 

compositional zoning for trace elements. Peaks can indicate mineral inclusion. 

 

Moreover, sample ASLL17 registered the highest concentrations of Zn (0.07 – 278 ppm), Cd (1.62-

3.64 ppm), Ga (0.09-14 ppm – spot 102), Mo (0.03-41.3 ppm), In (0.15-2.53 ppm) Sb (0.05-4 ppm-spot). 

In spot 102, in which Ga, Mo and Sb had the highest values, these elements are part of mineral inclusions 

in the pyrite, possibly sphalerite (Ga and Zn signals with similar pattern), galena (Sb, Bi and Pb with 

similar signals) and possibly molybdenite (MoS2). High values of indium were registered in spots 87 

and 94, 2.12 ppm and 2.53 ppm, respectively. Indium in spot 87 is part of the pyrite composition, 
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showing a flat signal, while in spot 94 this trace element is associated with a Cu rich inclusion, possibly 

of chalcopyrite. Lastly, Sn displayed low concentrations throughout the drill core, ranging from 0.03 to 

0.35 ppm, with the highest values associated with the V6-type vein, in samples ASLL17 (0.02-1.63 

ppm) and ASLL10 (0.02-1.94 ppm). Apart from these two samples, Sn average values are below 0.1 

ppm. 

Pearson’s matrix (Table 10) shows a positive correlation between Te and Bi (0.92), as well as 

between Bi and Ag (0.78), Bi and Se (0.47), Bi and Pb (0.39), Bi and Cu (0.44), Te and Ag (0.52), Te 

and Se (0.38), Te and Cu (0.26), and Ag and Se (0.54), suggesting that these elements coexists, either 

being part of the pyrite or as minute inclusions, as shown in some time-signal diagrams, of possibly: 

galena (identified also by this study with EDS analysis), Bi-bearing phases, such as bismuthinite (Bi2S3) 

and wittichenite (Cu3BiS3), together with Ag-bearing tellurides, like hessite (Ag2Te), previously 

identified by Cioacă et al. (2020) in Assarel. Moreover, Sn and As show a high positive correlation of 

0.68, as well as As and Au (0.78). A strong positive correlation is also observed between Co and Ni of 

0.91, this can suggest that these elements coexist and can substitute each other in the mineral structure. 

Most of the time-signal diagrams for Assarel’s pyrite show that Ni and Co are in solid solution with the 

pyrite, usually showing a zoning pattern, when detected. Rarely, Co and Ni is associated with inclusion, 

possibly of pentlandite (Fe,Ni,Co)9S8 (Duran et al., 2019). In addition, As also shows a high positive 

correlation with Co and Ni; 0.61 and 0.63, respectively. Like Co and Ni, As is mostly part of the pyrite 

composition as seen in the time-signal diagrams, sometimes exhibiting zonation, rather than an 

inclusion. This positive correlation, then suggests a possible coupled substitution mechanism. 

Table 10. Pearson’s correlation matrix for the main trace elements in pyrites from Assarel deposit. 

 
 Co Ni As Se Ag Sn Te Au Pb Bi Cu 

Co 1.00           

Ni 0.91 1.00          

As 0.61 0.63 1.00         

Se 0.55 0.44 -0.15 1.00        

Ag  0.64  0.44 0.45 0.54 1.00       

Sn 0.03 0.13 0.68 -0.43 0.37 1.00      

Te  -0.15   -0.33  -0.21 0.38 0.52 0.03 1.00     

Au 0.13 0.21  0.78   -0.46  0.36 0.98 -0.06 1.00    

Pb 0.09 0.02 0.20 0.03 0.60 0.64 0.18 0.56 1.00   

Bi 0.13 -0.09 0.02 0.47 0.78 0.19 0.92 0.12 0.39 1.00  

Cu -0.09 -0.15 -0.03 0.03 0.50 0.53 0.26 0.42 0.96 0.44 1.00 

 

Cioacă et al. (2020), that also performed studies in the Assarel deposit, suggested that during the 

early stages of the hydrothermal system, the pyrite from Assarel may have contained higher 

concentrations of these trace elements found, and as the ore-forming system evolved, they were exsolved 

generating these minute inclusions. A similar interpretation was done by Deditius et al. (2014), who 

studied the geochemistry of Au and As in pyrites from different hydrothermal ore deposits, including 

Cu porphyry deposits, and observed that the minute inclusions or nanoparticles of incorporated trace 
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elements present in the pyrites from Ok-Tedi porphyry Cu-Au deposit in Papua New Guinea, also might 

be formed by exsolution from the pyrite matrix, represented by the ones <10 nm in size, or by 

precipitation from the hydrothermal solution, the ones >20nm size, usually in clusters or as solitary 

inclusions. 

4.4.2. Trace elements in Chalcopyrite 

The LA-ICP-MS results show an overall enrichment in Zn, Se, Au, Ag, Pb, Bi, Cd, In, Sn, and Te in the 

chalcopyrite from the Assarel deposit. On the other hand, Mn, Co, Ni, Ga, As, Mo, and Sb were below 

the detection limit (LOD ~0.5 ppm). Is important to highlight that only one spot in sample ASLL09 was 

analysed for chalcopyrite, which makes the results from this sample bias and not representative of the 

vein type (APPENDIX 5). 

Zinc (0.49-937 ppm) and Cadmium (1.65-113.34 ppm) registered similar trends, increasing 

concentration with increasing depth, thus sample ASLL10 (157 m), of the V6-type, has the highest value 

for Zn, 937 ppm, and Cd, 113.34 ppm, whereas ASLL04 (53m), also from the V6-type, has 0.49 ppm 

Zn and 1.65 ppm Cd (Table 10). Around depth 142 m, represented by sample ASLL07, there is a 

decrease in Zn content (around 12%), but Cd still follows the increasing trend with depth. Possibly, at 

this point, Zn crystalises as sphalerite inclusions in the chalcopyrite, while Cd still in solid solution. EDS 

analyses identified sphalerite around this depth, in sample ASLL06, from the same vein type (V6) (Fig. 

15C). According to the Pearson’s matrix (Table 12), the correlation between Zn and Cd elements is 1, 

meaning that they are highly correlated, hence they may occur together in solid solution or as an 

inclusion in the chalcopyrite. Comparing sample ASLL07 at 142m, with ASLL10 at 157m, it is possible 

to observe a significant increase of almost 25 times in Zn, while Cd increases around 15 times. However, 

the highest peaks of Zn (~5580 ppm) and Cd (~668 ppm) in sample ASLL10 (spot 058), are related to 

a sphalerite inclusion (Fig.17 A), while In, Sn, Ag, Bi, Pb, Te and Se are in solid solution. Zn and Cd 

also occur as solid solution in some of the spots analysed in samples ASLL10 (7.56ppm Zn; 2.43ppm 

Cd), ASLL07 (22ppm Zn; 4.15ppm Cd), ASLL17 (150ppm Zn; 7.36ppm Cd), and ASLL14 (7.4ppm 

Zn; 3.21ppm Cd). Figure 17 B displays spot 156 of sample ASLL07, in which Zn and Cd time-signal 

pattern is relatively flat, indicating homogeneous composition in the chalcopyrite. 

Selenium concentrations registered a minor variation, from around 188 ppm, at the shallower part of 

the drill hole (sample ASLL04 at 53m – V6-type), to ~ 474 ppm in sample ASLL09 at 110m (V2-type) 

and is in solid solution in chalcopyrite. Overall, from 79 m (ASLL14 – V4-type) downwards, Se values 

were above 200 ppm. In terms of Pb and Bi, both varied significantly throughout drill hole XM001. 

Averages concentrations of Bi are highest in sample ASLL04, at shallower levels (53m), around 21 

ppm, and lowest in sample ASLL14, with 0.94 ppm. Bi is mainly in solid solution in the chalcopyrite, 

this can be seen, for instance, at spot 41 (Fig. 17D) from sample ASLL04, where 40.25ppm of Bi was 

measured and a flat to slightly undulating pattern is displayed. At this same spot, peaks of Cd are present, 

suggesting an inclusion, while Zn apparently is in solid solution. The highest Pb concentration is in 
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sample ASLL14 (59.34 ppm), in which spot 17 registered more than 100 ppm Pb. Figure 17C shows 

spot 17, where is possible to visualise that this higher value Pb produces an undulating pattern with short 

peaks, suggesting compositional zoning and possibly small inclusions of galena, while the peaks of Zn 

and Cd refer to a sphalerite inclusion. Moreover, the signal patterns of Ag and Te are similar, mostly 

flat but with short peaks, which might be associated with minute inclusions of silver tellurides, such as 

hessite (Ag2Te), found by Cioacă et al. (2020). In addition, the lowest average Pb concentration is in 

ASLL07 (142m), from the V6 vein type, with 3.66 ppm. In general, V6-type veins registered the highest 

average concentration of Bi of 13ppm, followed by V2-type and V4-type. Is important to keep in mind 

that only one spot of the sample from V2 type was analysed, therefore, further investigations of this vein 

type are necessary, since it does not represent the general chemical trend of the vein. 

Table 11. Pearson’s correlation matrix for the trace elements in chalcopyrite. 

 
 Zn Se Ag Cd In Sn Te Au Pb Bi 

Zn 1.00          

Se -0.22 1.00         

Ag -0.34 0.96  1.00         

Cd 1.00 -0.21 -0.34 1.00       

In 0.66 0.13 -0.05 0.66 1.00      

Sn 0.62 0.14 -0.10 0.62 0.91 1.00     

Te -0.28 -0.20 0.01 -0.27 -0.84 -0.79 1.00    

Au 0.21 -0.45  -0.61  0.20 0.58 0.58 -0.76 1.00   

Pb -0.23 0.28 0.14 -0.24 -0.16 0.24 -0.04 0.00 1.00  

Bi 0.21 -0.33  -0.13  0.22 -0.30 -0.57 0.60 -0.47 -0.78 1.00 

 

Silver was identified in all samples. The chalcopyrite of sample ASLL09 (V2-type) at spot 150 shows 

the highest Ag concentration (~ 42 ppm), which is in solid solution, followed by sample ASLL14 (V4-

type), with about 15 ppm. The lowest Ag value was measured in the sample with the greatest depth among 

them, ASLL10 (157m), from the V6-type, with 4 ppm. Ag occurs mostly in solid solution (Fig. 17A, B, 

D), but also locally as minute inclusions (Fig. 17C). According to the Pearson’s matrix (Table 11), Se 

and Ag shows a strong positive correlation of about 0.96. This suggests that these two elements might 

also occur together, possibly as a silver selenide inclusion (Cioacă et al., 2020). Furthermore, Te average 

concentrations range from 1.64 ppm to 6.29 ppm, with sample ASLL04 having the highest 

concentration among all the samples, whereas ASLL17 has the lowest value. In general, Te 

concentrations do not vary significantly within the vein types or with depth, and is mostly in solid 

solution, but locally as minute silver telluride inclusions in some grains of chalcopyrite (Fig. 17C). 
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Figure 17. Examples of LA-ICP-MS time-signal diagrams presenting trace element distribution in chalcopyrites 

from Assarel. Flat patterns indicate homogeneous trace element composition, undulating patterns show 

compositional zoning for trace elements. Peaks can indicate mineral inclusion. 

 

Low average concentrations of In (0.01-3.66 ppm), Sn (0.03-1.23 ppm), and Au (0.01-0.03 ppm) 

were detected in all samples, not showing significant variation with depth or within vein types, with the 

exception of sample ASLL04 (V6-type), at 53m depth, where In was below the detection limit. Indium 

and Sn registered their highest concentration in sample ASLL10 (V6-type) at 157m depth. These two 

elements have a strong positive correlation of 0.91. Likewise, In and Sn present a positive correlation 

with Zn, higher than 0.6. Sphalerite inclusions were found in some chalcopyrite grains as shown by the 

time-signal diagrams. In and Sn are common trace elements associated with sphalerite, which can be 

one of the reasons of their high correlation with Zn (Cook et al., 2009). The highest relative value of Au 
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was detected in sample ASLL07, of the V6-type, 0.22ppm. In general, the chalcopyrite from Assarel is 

depleted in Au. In the analysed grains, Au occurs mainly in solid solution. 

Regarding Mn, Co, Ni, Ga, As, and Sb, some results can be highlighted. Mn was only detected in 

samples ASLL17, spot 101 with about 1144 ppm and ASLL10, spot 58, with 3.35 ppm, both from the 

V6-type, while in all other spots Mn was below the detection limit. Notwithstanding, this elevated value 

(1144 ppm) refers to a manganese silicate inclusion, possibly associated with sphalerite (peaks of Zn 

and Ga), as shown in figure 18 A. In the same spot, Pb and Bi show an undulating pattern, suggesting 

compositional zoning. Furthermore, the 3.35 ppm Mn from sample ASLL10 appears to be in solid 

solution. 

 

Figure 18. Examples of LA-ICP-MS time-signal diagrams presenting trace element distribution in chalcopyrite 

from Assarel. Flat patterns indicate homogeneous trace element composition, undulating patterns show 

compositional zoning for trace elements, and peaks represent mineral inclusions 

Sample ASLL04 (V6-type) is slightly enriched in Co, 0.53-5.96 ppm (Fig. 18 A). Low concentrations 

of Ni are present in samples ASLL10 (~0.9 ppm) and ASLL04 (0.31-1.79 ppm), both V6-type vein. 

High concentration of Ga was identified in sample ASLL09 (V2-type) with around 219 ppm, that is 

associated possibly with a gallium silicate inclusion. Moreover, Ga also occurs in lower concentrations 

in samples ASLL17 (~20 ppm); ASLL07 (0.20 ppm); ASLL10 (~0.12 ppm); and ASLL14 (~0.3 ppm), 

in which the first three samples belong to the V6 vein type, whereas the last one refers to the V4-type 

vein. Low concentrations of As was detected in sample ASLL04 (~0.4-1.17 ppm) of the V6-type (Fig. 

18 A), while in the other samples, As was, in general, below detection limit. Figure 18 B shows the time-

signal diagram of spot 40 from sample ASLL04, there, it is possible to visualise that the signal for most 
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of the elements change around 40s. Before 40s, a chalcopyrite grain has been analysed, and as the laser 

goes a pyrite grain starts to be detected, justifying this variation. Since most of the spots analysed in 

sample ASLL04 were fine grain chalcopyrite, generally associated with coarse grain pyrite grains, this 

kind of contamination was expected. Lastly, the highest Sb content (1.95 ppm – Fig.18 A) was measured 

in spot 101 from sample ASLL17, the time-signal diagram pattern suggest that this high value is likely 

associated with a Sb silicate inclusion. Chalcopyrite in the remaining samples contain on average less 

than 0.2 ppm Sb.  
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5. Discussion 

5.1. Geochemical signature of the different vein types 

Summarising the main six vein types proposed by Lynch (2021-not yet published; Lobo et al., 2022): i) 

V1 is characterised by thin veinlets of chlorite ± pyrite ± quartz ± magnetite that represent a pre- to early 

main Cu mineralisation stage. This vein type is spatially correlated with propylite-altered domains and 

might present thin chlorite alteration haloes; V2, V3, V4, and V5 represent the main Cu-stage. ii) V2 

has K-feldspar-quartz ± magnetite ± chalcopyrite with potassic haloes (K-feldspar ± hematite ± biotite± 

chlorite); iii) V3 contains quartz-pyrite-chalcopyrite ± magnetite ± chlorite ± K-feldspar with potassic 

haloes; iv) V4 comprises veins with quartz-pyrite-chalcopyrite ± chlorite with halos of sericite-pyrite ± 

chlorite ± K-feldspar; v) V5 veins contain pyrite-chalcopyrite ± quartz ± chlorite, normally with thin 

sericitic haloes; and vi) V6, which represents the late Cu-stage, is characterised by vuggy quartz with 

minor pyrite ± kaolinite ± chlorite and usually does not present alteration haloes. Mutual crosscutting 

relationship is observed between the main Cu stage veins V2-V5, whereas V6 veins crosscut the other 

vein types. 

The distribution of the main trace elements in pyrite and chalcopyrite in the different vein types 

detected by LA-ICP-MS are shown in the box and whisker diagrams in figures 19 and 20, respectively.  

V1, V2, V4 and V6-types are chemically separated in these plots. Analysing the three sulphide- 

bearing veins, it is possible to observed that the types 4 (final part of the main Cu stage) and 6 (late Cu 

stage) occur widespread throughout the drill core, from shallow to deeper depths, crosscutting other vein 

types. The concentration of the same trace element in these vein types tends to vary with depth. At 

deeper levels, from around 110 m, chalcopyrite presents an enrichment in Zn, Cd, In, Sn, Te, and Bi. 

Regarding pyrite, with increasing depth, it increases in Te and Bi concentration. For the V1 type, related 

to the early to pre- stage of Cu mineralisation, 15 spots in one sample were analysed for pyrite, which 

is the main sulphide in this kind of vein. No chalcopyrite was analysed due to its limited number of 

crystals in the sample and their small size for the laser to be able to measure the elements avoiding 

external contamination. Comparing the pyrites from V1, V4 and V6 vein types, V1 pyrites are slightly 

enriched in Co, Ni, Se and Mo, while V4 and V6 pyrites apparently share a similar chemical trend for 

trace elements. V6 pyrites present an overall slight enrichment in all discussed trace elements than V4 

pyrites, except in Ni, where V4 pyrite displays higher average value. In terms of V4 and V6 chalcopyrite, 

the V4 ones are richer in Se, Ag and Pb, whereas V6 chalcopyrite are richer in Zn, Cd, Bi, and In. V4- 

type of the main Cu mineralisation stage and V1-type of the pre- early stage are generally depleted in 

Bi compared to the V2 and V6-types. In terms of As, besides the V2-type, all other three vein types 

presented As content below 10 ppm. In comparison, the V1-type was the most depleted in As. For the 

remaining trace elements Te, Au and Sn, the chalcopyrite from both V6 and V4-types show similar 

trends. 
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Figure 19. Box and whisker diagrams of the concentrations of each trace element in pyrite from each different 

vein type. For some elements, the lower whisker, lower quartile, and median value are the same because most 

analyses are below or equal to the detection limit. 

 

Lastly, it is important to emphasise the magnetite-bearing vein type (V2), represented by sample 

ASLL09, shows some unique aspects associate with trace elements. In this sample, pyrite has high 

concentrations of Co (~ 670 ppm), Se (~290 ppm), As (~86 ppm), and Ni (~ 39 ppm), and some 

concentration of Sn (~0.16 ppm), Ag (5.72 ppm), Zn (9.61 ppm) and Pb (21.02 ppm), whereas 

chalcopyrite is enriched in Ag (> 42 ppm), Se (> 400 ppm) and Ga (> 200 ppm)8, as well as has relatively 

 
8 Only one spot in chalcopyrite in sample ASLL09 was analysed, thus this result might not be representative of 

the chalcopyrite from the V2 type. 
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to the other analysed samples, an intermediate content of Bi, In and Te. Comparing with the other vein 

types, the V2 veins seam to occur in less abundancy. 

 
 

 
Figure 20. Box and whisker diagrams of the concentrations of each trace element in pyrite from each different vein 

type. For some elements, the lower whisker, lower quartile, and median value are the same because most analyses 

are below or equal to the detection limit. 

 

In term of the Mo content in pyrite and its trend linked to the different veins, all vein types are 

depleted in this trace element. In most analysis, Mo was below detection limit, with exception of isolated 

spots where Mo reached 15 ppm (V1-type) and 42 ppm (V6-type)9, both related to solid inclusions of 

possibly molybdenite (MoS2), as shown in the LA-ICP-MS results. Usually, in porphyry Cu deposits, 

most of the molybdenite precipitation occurs later than and spatially separate from the bulk of the 

Cu±Au, once this process might be assisted by the progressively increase in Mo/Cu ratio in the residual 

parental melt during crystallisation (Sillitoe, 2010). Mo is likely to be transported as oxochloride 

complexes in the hypersaline liquid phase, whereas Cu and Au can also be transported by volatile S 

ligands (H2S±SO2) in the vapor phase. The pressure variation during the early Cu porphyry evolution 

 
9 In the Box and whisker diagram is possible to observe these values as part of the outliers. 



61  

may induce changes in the fluid phases and consequent remobilisation and precipitation of metals 

(Sillitoe, 2010). It has been shown by Strashimirov, Petrunov and Kanazirski (2002), that the late 

mineral association quartz-molybdenite is very rare in the Assarel deposit, therefore, the Mo most likely 

stayed in solution due to its lower concentration in the melt. 

When chalcopyrite is co-crystallised with sphalerite and galena, chalcopyrite becomes a least 

preferred host for trace elements. In general, this conditions for chalcopyrite changes in the absence of 

other base metal sulphides or when formed at higher temperatures. Some examples are Zn, Cd, In, Te, 

and Bi, which are preferentially partitioned into the sphalerite and/or galena (George, Cook and 

Ciobanu, 2016). These elements showed an increment with depth in the chalcopyrite from Assarel. In 

addition, the V6 vein type present a higher content of Au and Bi than the V4 type. In Assarel, if not in 

solid solution in chalcopyrite, these elements are mostly linked with sphalerite and galena, which was 

also found in both chalcopyrite and pyrite at different depths. The increase in the concentration of these 

trace elements could be related to the preferential crystallisation of chalcopyrite over sphalerite and 

galena under the localised physiochemical conditions. The remain elements did not show a particular 

behaviour with depth associated with both ore minerals. In fact, within the same vein type, chemical 

variations were also observed between the samples. 

Rivas-Romero et al. (2021) studied the relationship between the trace elements in the ore minerals 

pyrite, chalcopyrite and bornite and the hydrothermal alteration assemblages in the large Chuquicamata 

porphyry Cu-Mo deposits in northern Chile. They used LA-ICP-MS analysis and found that chalcopyrite 

hosts Se (≤22000ppm), Pb (≤83.00ppm), Sn (≤68.20ppm), Ag (≤45.1ppm), Bi (≤25.9ppm), and In 

(≤22.8ppm). The highest concentration of multiple elements is related to the background potassic 

alteration. In contrast, chalcopyrite from Assarel is depleted the elements Se (<500ppm), Sn (≤1.23ppm), 

and In (≤5ppm), but present similar concentrations for Ag (≤43ppm), Bi (≤21ppm), and Pb (≤60.00ppm). 

In terms of the pyrite from Chuquicamata and Assarel, they ones from the former deposit present 

significant concentration of Co (≤1530ppm), Ni (≤960ppm), Cu (≤9700ppm) and Ag (≤450ppm). They 

noticed that the higher valued for Ag and Cu were linked with high temperature background potassic 

alteration, whereas the highest amounts of Co were associated with lower temperature alteration types, 

like chloritic. For Assarel Co (≤1250ppm) and Cu (≤9427ppm)10 concentrations in pyrite are like the 

ones from Chuquicamata, but Ag(≤56ppm) and Ni (≤116ppm) showed a considerable decrease in 

Assarel. Like in Chuquicamata, Cu in pyrite from Assarel is either in solid solution or as inclusions.  

The incorporation of Se and In into sulphide minerals is favoured by high temperature during their 

formation. Additionally redox and pH conditions may also influence the incorporation of these elements 

(Auclair, Fouquet and Bohn, 1987; Frenzel, Hirsch and Gutzmer, 2016; Rivas-Romero et al., 2021). In 

Assarel, Se is present in both ore-minerals, with concentration <500ppm for chalcopyrite and <659ppm 

in pyrite. In terms of In concentration, the chalcopyrite from the deposit has ≤5.17ppm (except from 

 
10 Ignoring the major outliers that was found to be related to chalcopyrite inclusions. See results. 
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sample ASLL04 (53m depth), where In was below detection limit). On the other hand, only ~19% of 

the analysed spots in pyrites detected In (≤2.53ppm). As previously mentioned in this study, Assarel 

deposit is characterised by the widespread occurrence of sericitic, transitional propylitic-sericitic 

alteration and overprinted by advance argillic alteration, thus lower temperatures conditions is 

predominant in this Cu porphyry system (<350°C). This can explain the overall lower concentration of 

these two trace elements in the sulphide minerals in Assarel. Specially in the case of the pyrite, redox 

and pH conditions might also have affected the solubility of In inhibiting its incorporation into the pyrite 

structure. In addition, sphalerite inclusions in pyrite were found, therefore In might have been 

preferentially incorporated to it, since sphalerite usually is the primary host for In at lower temperature 

conditions (Brugger et al., 2016; George, Cook and Ciobanu, 2016). Rivas-Romero et al. (2021), also 

detected lower concentrations of Se and In in chalcopyrite associated with lower temperature alteration 

styles (chloritic and quartz-sericitic), compared with the background potassic alteration in Chuquicamata 

deposit, agreeing with the observation made in Assarel. 

Zink enrichment in porphyry systems can reflect lower temperature hydrothermal conditions and is 

commonly spatially related to propylitic alteration zones (Sillitoe, 2010). In Assarel the mineralisation 

is highly related to the chloritic-sericitic and transitional sericitic-propylitic alterations styles. However, 

it is important to remind that the samples were taken from a drill hole of 250m, that reaches mostly the 

upper parts of the deposit, which presents a complex overprint of hydrothermal alteration. Thus, this 

shows that in fact multiple factors such as temperature, pH, fO2, fS2, metal concentration in the fluids, 

solubility limit for solid solution of the trace elements in the ore phases, co- crystallising phases, and 

consequentially the hydrothermal alteration control the trace element concentration and distribution in 

the pyrite and chalcopyrite as seen in other porphyry deposits (e.g., Chuquicamata, Chile) (Reich et al., 

2005; Rivas-Romero et al., 2021). 

Overall, the main trace elements detected by LA-ICP-MS analysis associated with pyrite and 

chalcopyrite were Bi, Se, and Te. Cioacă et al. (2020), identified with SEM-EDS analysis Bi-, Se- and 

Te-bearing mineral phases as small inclusions in the two main ore phases, especially associated with the 

chalcopyrite-pyrite-magnetite ± bornite and chalcopyrite-pyrite-hematite ore assemblages. In respect of 

pyrite and chalcopyrite, the authors identified bismuthinite (Bi2S3) and wittichenite (Cu3BiS3) as pyrite 

inclusions, naummanite (Ag2Se) in chalcopyrite crystals, hessite (Ag2Te) and empressite (AgTe) as 

inclusion in poikilitic pyrite and in chalcopyrite. Additionally, Merenskyite (PdTe2) also as inclusion in 

pyrite and native gold as small inclusions in both ore minerals. They suggest that during early stages of 

the hydrothermal system, pyrite and chalcopyrite were relatively enriched in these trace elements, and 

as the ore-forming system evolves, they were exsolved and precipitated in new secondary phases. The 

results from the current research, with the peaks of Bi, Te, Zn, Co, Ni, Pb, Au, Ag, Sn and Se, as well 

as the occurrence of these trace elements also as part of the crystal structure of the ore minerals reiterate 

this theory. Additional inclusions such as galena, sphalerite and molybdenite were also identified in the 

present study. 
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5.2. Geochemical variation between pyrite generations 

Two generation of pyrite were identified in the studied samples: i) fine-grained, anhedral to euhedral 

mostly with rounded edges, poikilitic texture, with inclusions of different minerals; and ii) coarse- 

grained, euhedral to subhedral normally inclusion-free and fractured, as well as locally replaced by 

chalcopyrite. Based on this observation, an investigation focusing on the trace elements pattern in these 

two phases was done. The box and whisker plot diagrams below display the trace elements distribution 

and concentration between fine (yellow) and coarse (red) grained pyrites from the centre of Assarel 

deposit (Fig. 21). 

Environmental conditions highly influence pyrite composition, therefore its geochemical signature 

can tell us about the element partitioning during the mineral growth, as well as the composition and 

physiochemical conditions of the ore-forming fluids (Román et al., 2019). In Assarel, it is possible to 

observe a different geochemical trend associated to some trace elements in these two generations of 

pyrite. The fine-grained pyrite is relatively enriched in Zn, In, Mo, Ag, Bi, Pb, Cd, and Sn compared to 

the coarse grain pyrite. Additionally, the average values for Co, and Te are slightly higher for fine 

grained pyrite. In general, no large variation between Ni concentration was observe between the two 

generation of pyrite. Average concentration of Ni for fine-grained pyrites reaches <11ppm, while for 

coarse-grained pyrite this value decreases for <8ppm. On the other hand, coarse- grained pyrite is 

enriched in Se. In respect of the remaining element As, there is not significant difference between the two 

phases of the ore mineral. In addition, fine-grained pyrite was found to be slightly enriched in Au 

compared with the coarse-grained ones. However, the overall concentrations were too low, mostly 

<0.05ppm, locally with <0.7ppm. Is important to highlight that Cu is not plotted in the diagrams, since 

an expressive number of analysed spots reached up concentrations above 10000ppm, which were 

preferentially linked with Cu-bearing nano-inclusions and possibly contamination from chalcopyrite 

grains. 

Román et al (2019) perform a study focusing on the geochemistry and micro-texture features of the 

pyrite from Cerro Pabellón Geothermal System (CPGS) in northern Chile and suggested that the 

euhedral and pristine pyrites with scares pores and solid inclusions were formed under a relatively stable 

physio-chemical conditions, whereas the anhedral to euhedral pyrite crystals with mineral inclusions 

and porous texture indicate they were generated by rapid crystallisation. While the pyrite generation 

formed under more stable physio-chemical conditions was enriched in Co and Ni, the other pyrite group 

presented higher concentration of As, Cu, Pb, Ag, and Au. Like the pyrites from CPGS, the fine-

grainedporous pyrite from Assarel, which most likely was generated under a more rapid crystallisation 

than the euhedral/subhedral coarse-grained ones, are enriched in Pb and Ag, and slightly depleted in 

Co11. 

 

 
11 Based on the average concentrations. 
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Figure 21. Box and whisker diagrams of the concentrations of each trace element in chalcopyrite from each 

different vein type. For some elements, the lower whisker, lower quartile, and median value are the same because 

most analyses are below or equal to the detection. 

 

Based on the LA-ICP-MS and EDS analyse, fine-grained pyrites are more likely to carry minor solid 

inclusions of variable kind, such as chalcopyrite, galena, sphalerite, silver, molybdenum, tin-, bismuth- 

and tellurium- bearing minerals among other as discussed in the previous sections. Coarse-grained 

pyrite also can carry inclusions, but they are predominantly of chalcopyrite. The coarse-grained pyrite of 

Assarel might have been formed by direct precipitation from hydrothermal fluids under steadier 

physiochemical conditions due to its euhedral to subhedral shape, sizes, and a considerably smaller 

number of inclusions. The depletion of most trace elements in the coarse-grained pyrite from Assarel, 

as well as the limited number of inclusions might be associated with its precipitation from a 
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hydrothermal fluid undersaturated in these inclusion-forming elements, but saturated in Cu instead, 

leading to the formation of chalcopyrite inclusions. As showed previously, Se is in solution with both 

pyrite generations, but the coarse-grained pyrites have a higher concentration of the element, which 

might be linked with the element saturation in the forming fluid, together with lower temperature, redox 

conditions, and element oxidation state. On the other hand, the fluids involved in the generation of the 

fine-grained pyrites from Assarel, might have been supersaturated specially in Cu, Pb, Bi, Zn, Cd, and 

Te, which formed inclusions of different minerals in most crystals. 

The three biplots below (Fig. 22 A, B, C) display the coarse- and fine-grained pyrites from Assarel 

deposit. 

 

 
 

Figure 22. Elemental concentration scatterplots of fine- and coarse-grained pyrites from the Assarel Cu- porphyry 

deposit in Bulgaria. A) Co vs. Ni. B) Co vs. Cu.  
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Figure 22 (continuation). Elemental concentration scatterplots of fine- and coarse-grained pyrites from the 

Assarel Cu- porphyry deposit in Bulgaria. C) Ag vs. Co. 

 

Nickel versus cobalt data from coarse- and fine-grained pyrites from Assarel deposit is displayed in 

Figure 22. A. Comparing the two pyrite generations, the fine-grained ones are more restricted between 

the ratios 0.1 and ~100, while the coarse grain pyrites show a broader distribution. Co/Ni ratios in the 

majority of pyrites are between 0.1 and 100, similar ratios were found by Rivas-Romero et al. (2021) 

for the pyrites of Chuquicamata Cu-Mo porphyry deposit (Chile). The authors observed that pyrites 

from high temperature alteration like the background potassic common in the Chilian deposit, presented 

a lower Co/Ni ratio (below 1) than the ones associated with chloritic alteration, which were enriched 

in Ni and with Co/Ni ratios between 1 and ~50. While the Co/Ni ratios from pyrites linked with the 

quartz- sericitic alteration were widespread. The analysed fine-grained pyrites from Assarel were 

associated with milky vuggy quartz veins (V6-type) from the late mineralisation stage crosscutting 

propylitic- sericitic (ASLL10; 0.31-11.50ppm Co), propylitic (ASLL07; 0.24-843.5012ppm Co) and 

propylitic plus potassic-silicification (ASLL17; 15.46-64.15ppm Co) altered rocks. Regarding the 

coarse-grained pyrites, Co average content was lower in pyrite crystals from samples ASLL10 

(0.46ppm) and ASLL04 (V6-type – 4.06ppm), that is associated with the propylitic-sericitic and 

propylitic plus potassic- silicification alterations, respectively. Higher Co average concentrations were 

detected in samples ASLL15 (V1-type – 124.71ppm), ASLL09 (V2-type – 673.46ppm), both linked 

with propylitic plus potassic-silicification alteration style. 

In terms of Ni, this element did not show a significant variation between both generations and 

alteration styles. Higher average contents of Ni were associated with the coarse-grained pyrites from 

samples ASLL09 (V2-type-39.12ppm) and ASLL15 (V1-type – 21.90ppm) related to propylitic plus 

potassic-silicification alteration, as well as with the fine-grained pyrites from sample ASLL10 

(23.69ppm) related to propylitic-sericitic alteration. On the other hand, lower amounts (<1.6ppm) 

werenassociated with coarse-grained pyrites in samples ASLL04 (propylitic plus potassic-

silicification), ASLL10 (propylitic-sericitic) and, ASLL07 (propylitic). 
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According to Liu et al., (2011), Cl- complexes are responsible for transporting Co in hydrothermal 

solutions. When these fluids are cooled down, the Cl-Co complexes might destabilise and generate a drop 

in Co solubility, alternatively, Co will precipitate early during cooling. Besides the temperature change, 

Liu et al., (2011) and Brugger et al., (2016) also suggested that the destabilisation process of Co could 

also be trigged by an increase in pH, and a decrease in fO2. Ni behaviour is expected to be like Co, even 

though Co is more mobile in hydrothermal fluids than Ni. Therefore, a decrease in temperature, Cl-, and 

fO2, and an increase in pH can lower the solubility of Ni (Brugger et al., 2016; Rivas-Romero et al., 

2021). 

Variations in Co, and at some extent in Ni within the same alteration style, together with the lack 

of a clear chemical segregation between the two generations of pyrite reinforce the complexity of the 

Cu-porphyry system which Assarel deposit was generated. Most likely not only the difference in 

temperature but also in fO2 and pH were important factors during the evolution of the deposit. 

Cobalt was also plotted with Cu (Fig.22 B) and Ag (Fig.22 C). In the Co versus Cu scatterplot is 

possible to visualise a discrete difference between the two pyrite generations. The fine-grained one is 

mostly clustered on the right-hand side of the diagram between Co/Cu=1 and Co/Cu=10, while the 

coarse-grained generation does not show a specific pattern, but most of the spots lay between Co/Cu=0.1 

and Co/Cu=1000. These fine-grained pyrites are liked with propylitic, propylitic-sericitic and propylitic 

plus potassic-silicification alterations. This broader distribution of coarse-grained pyrites reflects a wide 

range of ore-forming conditions of the fluids. Regarding the Ag versus Co plot, no clear pattern is 

observed to distinguish the two pyrite generations. However, is clear that a considerable number of 

analysed spots lay below the Ag/Co=0.1, within which most pyrites from Rivas-Romero et al. (2021) 

study, that were associated with lower temperature alteration styles were also in. Moreover, the pyrites 

from Chuquicamata deposit, associated with high temperature background potassic alteration (450-600º 

C) presented higher amounts of Cu and Ag, laying within Co/Cu=0.01-1, and Ag/Co=0.01-10, while 

pyrites associated with intermediate to lower temperature alteration styles (200-300º), showed, in 

general, an increase in Co content (Rivas-Romero et al., 2021). It is important to highlight that in 

hydrothermal systems, besides temperature, other factors like pH, fH2S, and salinity influence the 

solubility of Ag- and Cu- chloride complexes. The destabilisation of these complexes can be a result 

of chloride dilution, decrease in temperature of the fluid, increase in fO2, or fluid neutralisation (Rivas- 

Romero et al., 2021). These diagrams (Fig. 22A, B and C) show that in Assarel both pyrites generations 

seem to be formed under intermediate to lower temperatures conditions, which agrees with the 

temperature range of 250-350º C for the precipitation of the quartz-chalcopyrite-pyrite assemblage in 

the deposit (Popov et al., 2003). 

In conclusion, the main hypogene ore stage in Assarel deposit is linked to the quartz- chalcopyrite-

pyrite assemblage, which is mainly associated with the sericitic and transitional sericitic-propylitic 

alterations. The deposit counts with a supergene sone, that shows an increase in Au content, while high 

temperature potassic alteration is a rare feature in the deposit (Strashimirov, Petrunov and Kanazirski, 
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2002; Popov et al., 2003). The hybrid characteristic of Assarel of typical features of porphyry copper 

at depth overprinted by high-sulphidation style of mineralisation in the upper parts of the system, gives 

this deposit a higher complexity. The observed differences not only between the pyrite generations but 

also within these two groups, and between the main two ore minerals (pyrite and chalcopyrite) show 

how physiochemical conditions strongly influence the chemical composition of these minerals in this 

hydrothermal deposit, and reinforce the interpretation of Cioacă et al., (2020) for Assarel regarding 

the localised variable physiochemical condition in which the ore minerals were formed. In addition, 

giving the complexity of the deposit, multiple factors (e.g., temperature, pH, salinity, saturation of the 

fluids, redox conditions, fO2, fH2S, etc.) must have influenced the incorporation of trace elements into 

both pyrite and chalcopyrite. Based on the trace elements in the pyrites, no clear segregation based on 

the alteration styles is seen. Further studies focused on this matter is recommended. 

5.3.  Physiochemical conditions of mineralisation fluids: Cd:Zn ratio in 

chalcopyrite 

In sphalerite, Cd can replace Zn in the crystal lattice, while in chalcopyrite, normally, higher 

concentrations of Zn are linked with high Cd concentrations (George et al., 2018). The Cd:Zn ratio in 

chalcopyrite and sphalerite is commonly used to determine whether physiochemical conditions 

remained constant during base-metal sulphide crystallisation or not and is strongly influenced by 

temperature. Hence, Cd:Zn tends to increase with the crystallisation temperature. In addition to 

temperature, S2 fugacity and pH also are responsible for controlling the stability of Cd and Zn complexes 

in ore fluids (George et al., 2018). If the physiochemical conditions do not change, Cd:Zn ratios should 

be relatively constant. 

High precision LA-ICP-MS analysis measured Cd and Zn concentrations in chalcopyrite from 

Assarel. 35 laser spots in chalcopyrite detected Cd and Zn. After removing the data reflecting possible 

sphalerite inclusions, 11 out of the 35 spots are displayed in Table 13 with their respective ratios. 

Results show that the Cd:Zn ratio vary throughout the drill hole, within and between the vein types, 

with a total average of 0.29. George et al. (2018), performed studies on trace elements in hydrothermal 

chalcopyrites of different deposits including Assarel using LA-ICP-MS. Their results showed an average 

Cd:Zn ratio of 0.035 for Assarel, and a no correlation of Cd:Zn along a line of positive slope (no trend). 

It is important to highlight that the authors do not specify from which part of the deposit the samples 

were taken. 
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Table 12. Cd:Zn ratio in chalcopyrite with no co-existing sphalerite from the centre of Assarel deposit. 

 
Depth Sample 

ID 

Zn (ppm) Cd (ppm) Cd:Zn 

79 ASLL14 7.7 3.88 0.50 

79 ASLL14 6.01 2.54 0.42 

79 ASLL14 8.41 3.21 0.38 

157 ASLL10 5.55 1.49 0.27 

157 ASLL10 8.17 2.58 0.32 

157 ASLL10 8.94 3.24 0.36 

142 ASLL07 13.11 3.3 0.25 

142 ASLL07 13.19 3.33 0.25 

142 ASLL07 41.51 6.12 0.15 

142 ASLL07 20.31 3.82 0.19 

129 ASLL17 149.64 7.36 0.05 

   Average 0.29 

 

The diagram below (Fig. 23) plots Cd and Zn in chalcopyrite from Assarel with and without co- 

existing sphalerite together with the average values from Cd and Zn from the three samples from George 

et al. (2018). This diagram from Duran et al. (2019) uses Cd and Zn concentration of hydrothermal 

chalcopyrite to indicate relative crystallisation temperatures. At relatively low temperatures, <400ºC, 

similar to those chalcopyrites formed in exhalative or epithermal deposits, this sulphide is enriched in 

Zn relative to Cd, whereas at higher temperatures, >400ºC, like in skarn or metamorphosed exhalative 

deposits, chalcopyrite is likely enriched in Cd over Zn (George et al., 2018; Duran et al., 2019). Overall, 

this study shows that chalcopyrites from the centre of Assarel Cu porphyry deposit have lower 

concentrations of Cd and Zn, lower than 18 and 150 ppm respectively. The chalcopyrite with no co- 

existing sphalerite is in general slightly depleted in Cd than the chalcopyrite with identified minor 

sphalerite inclusion. However, such difference does not considerably affect the global interpretation that 

they were (re)-crystallised under higher temperatures, since the samples are plot above the recrystallised 

SEDEX and Skarn trends. 

Regarding the variation between Cd:Zn ratios and the indications associated with physiochemical 

conditions during crystallisation, the diagram shows that specially the chalcopyrite with or without minor 

sphalerite inclusion follows roughly a trend, with clear outliers. These results combined with the 

understanding of the complexity of the hydrothermal system at Assarel, reiterates the interpretation from 

George et al. (2018) and Cioacă et al. (2020), that suggests an evolving and localised variation in the 

physiochemical parameters of the mineralised fluid at Assarel. 



70  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Binary diagram of Cd vs. Zn for hydrothermal chalcopyrite from the centre of Assarel deposit. In 

purple, average values for three samples from Assarel from George et al., 2017 were plotted together with the 

samples of this study. The dash and continues lines refer the trends of Cd:Zn of hydrothermal chalcopyrite from 

other deposit types, which can indicate a relative crystallisation temperature of this mineral. Note that all 

chalcopyrite samples plot above the recrystallised SEDEX trend, suggesting higher temperatures of crystallisation. 

After George et al., 2018; Duran et al., 2019. 

Physiochemical conditions play an important role in controlling the distribution of trace elements in 

the studied ore minerals. Parameters like temperature, fO2, pH, fH2S, salinity, as well as metal 

concentration in the hydrothermal fluids and the presence of complexing agents have been considered 

vital in controlling the partitioning of trace elements in sulphide phases (Kouzmanov and Pokrovski, 

2012; Rivas-Romero et al., 2021). The Cd:Zn ratio showed that in Assarel these conditions are variably 

and localised. In addition, it is important to keep in mind that multistage evolution and overprinting of 

hydrothermal alteration and mineralisation stages are common in Cu-porphyry systems. In Assarel 

deposit this is also seen. The deposit is intensively hydrothermally altered, with various hydrothermal 

events that overlaps in time as space. In addition, the upper parts of the deposit is characterised with a 

widespread advanced argillic alteration of the types acid-sulphate and acid-chlorite (Strashimirov, 

Petrunov and Kanazirski, 2002; Hikov, 2013; Cioacă et al., 2020). Consequentially, the depth in the 

centre of this porphyry system is another important parameter in the concentration distribution of trace 

elements in pyrite and chalcopyrite within the same vein type. All these factors together can significantly 

influence the mobility of trace elements in the system, even the more stable ones, such as Ti, modifying 

the original trace elements trend of the sulphide-bearing and magnetite- bearing vein types. 
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5.4. Comparison between LA-ICP-MS and GeoX10 XRF for trace 

elements 

The XRF/XCT analysis demonstrates that the novel technology can accurately detect major elements, 

which in the case of a Cu-porphyry deposit is generally S, Cu and Fe. The variation throughout the drill 

hole of these three elements follows the occurrence of the main ore minerals pyrite and chalcopyrite, 

thus it can be potentially used to guide brown and greenfield exploratory campaigns, as well as give 

support to the production team in decision making regarding the development of the mine. 

The minor element Ti also was detected in all samples, showing that this element is common in the 

Assarel deposit. With the EDS analysis was possible to identify that Ti mostly occurs as titanite and as 

the solid solution rutile-ilmenite. 

Trace elements play an important role for the exploratory phase of porphyry deposits and can become 

a potential source of by-products if found in high concentration. Therefore, the average values obtained 

from the LA-ICP-MS was plotted together with the average results from the Orexplore GeoCore X10 to 

observe their differences (Table 14 and Fig. 23 and 24). Note that the compared elements are based on 

the detected ones by LA-ICP-MS. Tin was not detected by the GeoCore X10 in the samples analysed 

also by LA-ICP-MS, thus it will not be plotted in the diagram. In addition, the Cu values from the 

chalcopyrite from LA-ICP-MS were also excluded since the Cu content is above 10%, which would 

create a considerable distortion. 

The first this that is important to mention is that Orexplore GeoCore X10 does a whole-rock analysis 

and has a lower detection limit for trace elements than the punctual LA-ICP-MS as shown in the 

methodology section. Looking at the values obtained by the two techniques, the elements Cu, Zn and 

Co presented a relative good corelation between the methods. For Cu, higher average values were 

detected by the XRF and this is probably due to the chalcopyrite content throughout the drill hole. 

However, this XRF values for Cu is considerable smaller than the Cu content of the analysed 

chalcopyrite obtained by LA-ICP-MS. Similarly, Zn and Co showed average values close to the averages 

from the LA-ICP-MS analysis. In Assarel, Zn was found to be related to sphalerite as inclusions or 

disseminated in ground mass and in solution in chalcopyrite and pyrite. Moreover, the pyrites from the 

deposit were found to be enriched in Co. Even with the discrepancies, as an exploration tool the GeoCore 

X10 XRF can be used as a guide to identify levels enriched in Cu, Zn and Co. 

Regarding Se, the LA-ICP-MS method is more accurate and precise for this element than the XRF 

used. Selenium was detected in all samples analysed by LA-ICP-MS and is an important trace element 

in both pyrite and chalcopyrite. Thus, the GeoCore X10 XRF still needs to be improved to be able to 

better detect Se. 
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Table 13. XRF versus LA-ICP-MS results base on the samples analysed by LA-ICP-MS. Wr = whole-rock analysis. Cpy = chalcopyrite. Py = pyrite. NA = non detected. The 

empty spaces refer to samples in which chalcopyrite was not found or was too fine grained. 

 

 
 

 

 

 

Figure 24. A) Cu and Mn average concentration in ppm by analytical method and ore mineral. 

Conc. (ppm) Cd Cd Co Co Cu Cu Se Se Se Zn Zn Mo Mo Mo Mn Mn Mn 

Method XRF LA-ICP XRF LA-ICP XRF LA-ICP XRF LA-ICP LA-ICP XRF LA-ICP XRF LA-ICP LA-ICP XRF LA-ICP LA-ICP

Depth wr cpy wr py wr py wr py cpy wr cpy wr py cpy wr py cpy

ASLL04 53.21 NA 1.65 1452.90 4.43 2000.67 857.26 32.00 216.41 187.48 234.25 0.49 NA 0.02 0.02 600.18 0.24 0.33

ASLL02 54.51 NA NA 37.76 592.58 0.60 NA 128.30 NA 68.22 0.02 247.15 0.31

ASLL14 79.69 68.00 2.10 764.70 34.15 1931.86 8.69 NA 208.69 308.68 1.67 7.75 21.44 0.01 0.06 92.86 0.23 0.89

ASLL15 83.80 NA 601.27 133.02 1632.70 32.82 NA 255.25 63.00 NA 1.07 466.06 0.29

ASLL09 110.30 3.40 2.53 830.16 673.46 1120.40 538.75 25.50 293.36 474.27 29.60 11.20 NA 0.05 0.19 367.50 0.23 2.43

ASLL17 129.80 NA 3.73 NA 77.23 1740.41 44393.91 NA 214.53 231.23 9.60 43.89 NA 4.57 0.07 239.07 0.42 191.57

ASLL07 142.44 NA 6.48 1380.31 70.05 3015.78 439.12 11.80 279.96 205.46 28.00 38.38 NA 0.69 0.06 516.32 0.33 0.96

ASLL10 157.85 NA 113.34 0.00 16.43 1602.21 518.60 NA 83.79 228.44 89.00 937.02 NA 0.41 0.04 273.25 0.28 1.19

Sample ID
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Figure 25. Co, Se, Zn and Mo average concentrations in ppm by analytical method and ore mineral. 
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Based on the XRF results Mo and Mn are broadly distributed in the central part of the Assarel mine. 

The average values were considerable larger than the ones detected by the punctual LA-ICP-MS. Since 

Mn and Mo were in low concentration in both ore minerals, these elements should be associated with 

other mineral phases present in the deposit, such as chlorite and molybdenite, respectively. Different 

from Mn, Mo only was detected locally at some samples, which is expected since Assarel is generally 

depleted in Mo, while the propylitic alteration style is dominant in the deposit (Strashimirov, Petrunov 

and Kanazirski, 2002; Popov et al., 2003; Cioacă et al., 2020). Therefore, the GeoCore X10 XRF could 

also be used to track high concentrations of these elements for exploration purposes. 

5.5. Critical metals in pyrite and chalcopyrite of Assarel 

Within the 2020 EU critical raw material list, Sb, Bi, Co, In and Ga (in red, Table 14) were identified as 

trace elements in the ore mineral phases at Assarel by LA-ICP-MS, either as part of the concentration 

of the pyrite and chalcopyrite, or as inclusion in these ore minerals. Additionally, Ti (in green, Table 14) 

was found in rutile and titanite by EPMA-EDS and XRF GeoCore X10, both as inclusions in pyrite and 

disseminated in the groundmass (Table 15). 

Bismuth is present in low amounts in both pyrite and chalcopyrite, with concentrations ranging from 

0.53 ppm to 21.54 ppm in pyrite, and 0.94 ppm to 13.65 ppm in chalcopyrite. The pyrites were found to 

be enriched in Co (4.43-673.46 ppm), among which the interval between 83 and 110m depth is the richest 

part of the drill core XM001 (samples ASLL15 and ASLL09, respectively). Low concentrations of In 

(< 4 ppm) were detected in all analysed chalcopyrite samples, with the exception of sample ASLL04 (at 

53 m depth). Pyrite is general depleted in In, but the fine grain ones carry low amounts of the metal, 

averaging around 0.6 ppm. Even though Sb was identified in few spots in both pyrite and chalcopyrite, 

the overall concentration in pyrite is below 0.6 ppm, apart from sample ASLL10 (at 157 m depth) that 

registered an average of 4 ppm for the fine grain pyrites, while chalcopyrite Sb values were, overall, 

below 0.5 ppm. Thus, Sb concentrations are too low to be considered a potential by product for the Cu 

production in Assarel Mine. Lastly, Ga was detected in both pyrite and chalcopyrite. Chalcopyrite and 

the fine grain pyrite from sample ASLL09 were found to be relatively enriched in Ga, having about 218 

ppm and 1.28 ppm, respectively. In addition, fine grain pyrites from samples ASLL10 and ASLL07 (at 

142 m depth) registered low concentrations of Ga (< 5 ppm). 

When it comes to the vein types and the distribution of Bi, Co, Sb, In, and Ga, V2 and V1-type are 

enriched in Co, while V2 and V6 are Bi-rich. Sb, In and Ga show higher concentration in the fine grain 

pyrites from samples of the V6-type (ASLL07 and ASLL10), the late Cu mineralisation stage, while in 

the other vein types, these elements were mostly not detected. Thus, it can suggest that the late 

mineralisation fluid was relatively enriched in Bi, Sb, In and Ga, while the fluids from the pre- to early 

Cu stage, was Co-rich. 
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Table 14. Critical elements identified in analysed pyrites and chalcopyrite from the Assarel Cu-Au deposit (in red), 

as well as found in other mineral phases (in green). 

 

Antimony Hafnium Phosphorus 

Baryte Heavy Rare Earth Elements Scandium 

Beryllium Light Rare Earth Elements Silicon metal 

Bismuth Indium Tantalum 

Borate Magnesium Tungsten 

Cobalt Natural graphite Vanadium 

Coking coal Natural rubber Bauxite 

Fluorspar Niobium Lithium 

Gallium Platinum Group Metals Titanium 

Germanium Phosphate rock Strontium 

 

Gallium is mainly exploited from sediment-hosted lead-zinc and bauxite deposits, in which this 

critical metal has average concentrations varying from 2 to 100 ppm and it is economically extracted 

(Foley et al., 2017). Due to the rarity of gallium minerals in nature, Ga is mainly produced from minerals 

with less than 100 ppm Ga, within which the element occurs as inclusions or in solid solution. In 

hydrothermal systems Ga is related to sulphide mineralisation due to its chalcophile behaviour, and it 

increases in concentration by hydrothermal alteration processes. One example of Ga sulphide is gallite 

(CuGaS2), that has the same crystalline structure as chalcopyrite, in which Ga replaces iron and is 

commonly an inclusion in sphalerite (Foley et al., 2017). The average concentration of Ga in 

chalcopyrite from Assarel deposit is around 37 ppm, while in pyrite is 0.56 ppm. Ga could, then, 

represent a potential by product of the Cu production in Assarel. It is important to highlight, however, 

that the highest value found in the V2-type vein of >200 ppm, only had 1 spot analysed due to the natural 

distribution of the chalcopyrite in the sample. Therefore, is advisable to perform further studies in this 

magnetite-bearing vein type to better understand its chemical characteristics. 

Indium is commonly recovered from sphalerite, mainly from volcanic-hosted massive sulphide and 

the polymetallic vein-type deposits. In deposits where it is economic to extract this metal, the 

concentration rages from less than 1 ppm to 100 ppm. In also can occur in trace amounts in other base 

metal sulphides, such as chalcopyrite, stannite and cassiterite, however, in most deposits of this mineral, 

In extraction is not feasible. Indium mineralisation is also hosted in sediment-hosted exhalative massive 

sulphide deposits, epithermal deposits, active magmatic systems, porphyry copper deposits, and skarn 

deposits (Lokanc, Eggert and Redlinger, 2015; USGS, 2022b). In Assarel, sphalerite occurs as small 

inclusions in pyrites, while chalcopyrite is the main Cu ore and is it the preferential host for In. The 

average concentration for this metal in the chalcopyrite is 2 ppm. About 90% of the zinc ore are 

processed via the hydrometallurgical route, in which in the purification step, a precipitate of In, Ga, Ge, 

Pb and Zn is obtained (Lokanc, Eggert and Redlinger, 2015). In the contrary, in Assarel Mine, the Cu is 

extracted via the pyrometallurgical route, which included flotation and posterior electrorefining. 

However, the processing plant also counts with a biochemical heap leaching for the low-grade 
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overburden, that could be potentially used for extracting In (Korolev et al., 2019). Economic feasibility 

studies should be carried out to evaluate whether indium could become a potential by product in Assarel 

Mine. 

Bismuth is often recovered as by product of processing lead ores, having the Bi-rich galena as the 

major Bi ore, where Bi replaces Pb in galena, or occurs as inclusions also in galena. Only two mines in 

the world has Bi as the primary product, Tasna Mine in Bolivia and a mine in China (USGS, 2022a). 

This metal can also be recovered as by product of W, Cu or Au mining in various types of deposits. The 

main source of Bi are W-, Pb-, and Au-rich skarns, whereas Co-Ni-Bi-Ag-As±U vein deposits are a 

major source of native Bi. In porphyry systems, specially the one that host Mo-W-mineralisation, and 

at a lower extent in the Cu porphyries, Bi occurs in trace concentrations. In terms of hydrothermal and 

magmatic systems Bi minerals can be native bismuth, sulphides and sulphosalts (bismuthinite - Bi2S3), 

oxides, oxysalts (bismutite – (BiO)2CO3), selenides and tellurides (Deady et al., 2022). In most mines 

where Bi is recovered as by product, the metal grade varies between 0.08wt% and 1.7wt% Bi, with the 

exception of Tasna mine that reaches 3wt% Bi (Deady et al., 2022). In Assarel deposit, concentrations 

of the metal were found to be quite interesting, between 0.94 and 20.95 ppm for chalcopyrite and 

between 0.6 and 44400 ppm in pyrite, with the higher values associated with the V6-type (late Cu 

mineralisation stage – sulphide bearing vein) and V2-type (main Cu mineralisation stage – magnetite 

bearing vein) for the pyrite. In Assarel, Bi occurs in solid solution or as minute inclusions in pyrite (this 

study and Cioacă et al., 2020), and based on the concentrations, it has potential to become a by-product. 

In stratiform sediment-hosted Cu-Co deposits, which is the world’s biggest producer (0.03 to 1.0 

wt% Co) and magmatic Ni-Cu(-Co-PGE) sulphide deposit (0.01 to 0.2 wt% Co), Co is often recovered 

from sulphide minerals like pentlandite ((Fe,Ni,Co)9S8), carrollite (Cu(Co,Ni)2 S4), and siegenite 

((Co,Ni)3S4); arsenide minerals, such as skutterudite ((Co,Fe,Ni)As2-3); and sulfarsenide minerals, 

including cobaltite (CoAsS) and glaucodot ((Co,Fe)AsS). In some deposits Cobaltiferous pyrite 

((Fe,Co)S2) and pyrrhotite ((Fe,Co)1-xS) are also mined. Besides the two deposit types mentioned, Co is 

also currently largely exploited from Ni-Co laterite deposits, with grades varying from 0.03 to 0.2 wt% 

(Slack, Kimball and Shedd, 2017). In Assarel deposit, Co was detected mainly in pyrite, ranging 

concentration between 4.4 and 674 ppm. V2-type and V1-type veins were found to be the relatively 

enriched in Co, with average values <130ppm, comparing to the V4-type and V6-type veins. Comparing 

to the grades of other deposits, Assarel has lower values but and localised only in two vein types. 

However, an economic feasibility study could be done, that includes estimation of tonnage in order to 

potentially become a by-product of the Cu production. 

Lastly, there is Ti, a major element in the deposit and a critical metal. Currently, ilmenite counts with 

about 90% of the world’s consumption of titanium minerals. The global resources of ilmenite, plus rutile 

and anatase are higher than 2 billion tones (USGS, 2022c). Ti can be extracted for a variety of deposit 

types, such as weathered alkalic rocks, massif anorthosite, fluvial, beach and coastal dune and weathered 
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sedimentary deposits. In which, the TiO2 content vary from 2 to more than 20 wt% (Woodruff, 

Bedinger and Piatak, 2017). In terms of Ti, this element is greatly linked to the rutile (rutile- ilmenite) 

and titanite disseminated throughout the drill hole in the centre part of Assarel mine, which was detected 

by the GeoCore X10, with average concentration of 2500 ppm, and/or as inclusions in the pyrite from 

the V1 and V3-type sulphide bearing veins, detected by the EDS analysis. Therefore, this concentration 

is too low in order to consider Ti as a by-product for the mine. 
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6. Conclusions 

I. The studied samples were taken from different depths of the drill hole XM001, located in the 

central part of the Assarel mine. They represent different ore mineral parageneses. Combining 

macro observations, microscopy with 3D digital X-ray tomography using Orexplore GeoCore 

X10 drill core scanning, it was possible to distinguish and classify the samples according to the 

sulphide-bearing vein type classification after Lynch (2021): V1-type: ASLL15 and ASLL11; 

V2-type: ASLL09; V3-type: ASLL01, ASLL12, ASLL08, and ASLL13; V4-type: ASLL14, 

ASLL03, ASLL02 and ASLL05; and V6-type: ASLL04, ASLL16, ASLL06, ASLL07, ASLL10, 

and ASLL17. 

II. Combined XRF/XCT analysis detected well the major elements Cu, Fe and S, which reflects the 

occurrence and distribution of the main ore phases chalcopyrite and pyrite throughout drill hole 

XM001. The analytical method also detected the trace elements Co, Zn and Mn and their results 

are similar to the punctual data from the LA-ICP-MS, showing a good correlation between the 

methods. In contrast, Se was poorly detected by the novel technology even when was found to 

be a common trace element associated with the ore minerals pyrite and chalcopyrite. Thus, the 

GeoCore X10 XRF still need further improvements to better record this element. 

III. High Ti concentrations were found in the whole-rock XRF analysis using the Orexplore 

GeoCore X10 scanner. LA-ICP-MS analysis showed that this critical metal is not hosted in either 

pyrite or chalcopyrite at Assarel. Instead, EPMA-EDS results revealed that it mostly forms rutile 

(TiO2), titanite (CaTiSiO5), which occur as inclusions in pyrite or in the groundmass. Titanite is 

more abundant in sample from depth 197m, while the sample from the shallow part (ASLL15 at 

83m depth) has relatively more rutile than titanite. 

IV. Galena and sphalerite were identified by EDS either as inclusions in coarse grained pyrite and/or 

disseminated in the ground mass. 

V. The results show that the Orexplore GeoCore X10 scanner provided good results for base metals, 

as well as major elements that are in relatively high concentration in the rock, such as titanium. 

However, for trace elements with lower concentration (<100ppm), the sensitivity of the 

analytical tool can be improved. Presently, large variations between the measured trace elements 

results from GeoCore X10 and LA-ICP-MS are observed, thus further improvement in precision 

of minor and trace elements is needed, to not only enhance the results, but also to expand the 

usage of the novel technology for different deposits. 

VI. 3D XRT imagery enabled the identification of different sulphide-bearing types and enhances 

digital visualisation of chalcopyrite and pyrite mineralisation at Assarel deposit. This novel 

technology represents an important additional tool for exploration and academic research. 
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VII. Based on the LA-ICP-MS results, the pyrites from the central part of Assarel deposit are enriched 

in Bi, Co, Se, As, Ni, Sn, Cu, Te, and Pb, while chalcopyrite is enriched in Zn, Se, Au, Ag, Pb, 

Bi, Cd, In, Sn, and Te. These elements were either in solid solution with the ore-mineral or 

forming micro inclusions. Among the elements Selenium is exclusively in solid solution in all 

analysed pyrite and chalcopyrite. 

VIII. The combination of microscopy, LA-ICP-MS and the novel tool GeoCore X10 made it possible 

to distinguish the sample according to the vein types and revealed some interesting chemical 

differences between them. For the pyrites comparing the vein types: i) V1-type: Higher 

concentrations of Co, Ni, and Se; intermediate values of Bi and Pb, and lower of Zn, As, Ag, Sn, 

Te, Au, and Mo. ii) V2-type: Higher concentrations of Co, Ni, Zn, As, Se, Ag, Sn, Te, Pb, and 

Bi; intermediate values of Au, and lower of Mo; iii) V4-type: Intermediate concentrations of Co, 

Ni, Te, Au, and Pb; and lower of Zn, As, Se, Ag, Sn, Bi, and Mo; iv) V6-type: Higher 

concentrations of Te, Pb, and Bi; intermediate values of Co, Zn, As, Se, Ag, Sn, Au and Pb, and 

lower of Ni, and Mo. For the chalcopyrite: i) V4-type: Higher relative concentrations of Se, Ag, 

and Pb. ii) V6-type: Higher relative amounts of Zn, Cd, Bi. Indium, Sn, Te, and Au did not show 

major differences between both vein types. 

IX. The pyrite and chalcopyrite in the magnetite-bearing vein type V2 (ASLL09) exhibited a 

peculiar chemical signature regarding the trace elements, being enriched in Co (~ 670 ppm), Se 

(~290 ppm), As (~86 ppm), and Ni (~ 39 ppm) and Ag (> 42 ppm), Se (> 400 ppm) and Ga (> 

200 ppm), respectively. Since only one samples was classified as this vein type, further studies 

focus on this vein type is recommended. 

X. Two generations of pyrites were identified in the central portion of the Assarel deposit: i) fine- 

grained, anhedral to euhedral mostly with rounded edges, poikilitic texture, with inclusions of 

different minerals (e.g., chalcopyrite, bornite, galena, sphalerite, etc.); and ii) coarse-grained, 

euhedral to subhedral normally inclusion-free and fractured, as well as locally replaced by 

chalcopyrite. Fine-grained pyrites are relatively enriched in Zn, In, Mo, Ag, Bi, Pb, Cd, Sn, and 

at some extent in Co and Te. Whereas coarse-grained pyrite is mainly enriched in Se. 

XI. Cd:Zn ratio in chalcopyrite suggests that this mineral was crystallised under distinct local 

physiochemical conditions. In addition, large variations in trace element concentration is the two 

pyrite generations associated with same alteration styles reinforce this theory. Together, the 

observations made in this study underpin the complex and heterogeneous characteristic of the 

Assarel Cu-porphyry deposit formation and evolution. 

XII. The results show that the main ore minerals, pyrite and chalcopyrite, from the centre of the 

Assarel deposit, were mostly formed under intermediate to lower temperatures conditions, but 

due to the complexity of the deposit and its localised and variable physiochemical conditions, is 

likely that other factors such as pH, fH2S, fO2, salinity, redox conditions, and the saturation of 
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elements in the ore-forming fluids have influenced the solubility of the trace elements, and 

consequentially their incorporation into both pyrite and chalcopyrite. 

XIII. The optical and electronic microscopy and the LA-ICP-MS results have shown that the pyrite 

from Assarel deposit host a variety of inclusions, such as chalcopyrite, galena, sphalerite, Bi- 

bearing phases (possibly bismuthinite), Ag-tellurides, Pb-tellurides, Co-, Ni-minerals, some 

silicate phases, among others. While chalcopyrite may carry inclusion of sphalerite, galena, 

silicate phases rich in Ga and Sb. Comparing the two ore minerals from Assarel deposit, pyrites 

are more abundant in the central part of the ore body and generally hosts a greater number of 

inclusions comparing to the chalcopyrite. 

XIV. Among the critical metals from the 2020 EU list, five of them were identified in the ore phases 

of Assarel: Sb, Co, Ga, In and Bi. Bi was found in both pyrite and chalcopyrite, having the 

former mineral the highest concentration of the element. In terms of Ga, chalcopyrite is the main 

host. In the contrary, pyrite is the main host for Co. These three critical metals can potentially 

become by-products of the Assarel mine due to their concentration. But it is necessary to do a 

feasibility study that incorporates other vital factors, such as the type of processing processes 

currently available in the mine, the total volume of this metal in the deposit, the metal price in 

the market, etc. 

XV. Lastly, a further study focused on the distribution of trace elements in pyrite and chalcopyrite 

associated with the hydrothermal alteration styles is suggested to increase the understanding of 

the complex Assarel Cu-porphyry deposit. 
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APPENDIX 1  
Microscopy observations of the 17 samples taken from drill hole XM0001 at Assarel mine. 

 

Sample ID: ASLL12 

Depth: 38.83-38.9 

Rock: Diorite porphyry – sulphides associated with veins composed of milky Qtz and 

magnetite 

Hydrothermal alterations: Propylitic, Potassic 
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Description: Phaneritic. Quartz vein in contact with diorite porphyry, which presents pervasive potassic 

alteration. In the contact between the Qtz vein and the host rock, euhedral to subhedral pyrites are 

formed as irregular vein – phenocrystals. Medium do coarse grains of pyrite also occur disseminated 

in both diorite and Qtz vein (Fig.b). Some pyrites are prismatic, also occurring as clusters in the matrix. 

Poikilitic pyrites are common, with cpy and rutile as inclusions. Chalcopyrite occurs filling fractures 

and voids (pore), also disseminated as fine grained in the diorite and in the Qtz veins. In addition, cpy 

occurs intergrow with mt and replacing py (Fig.a). Porous magnetite subhedral crystals occurring 

disseminated, filling fractures and voids. In the latter two styles, mt and cpy are commonly associated – 

intergrown. 

Some magnetite is being replaced by hematite. 

Parageneses of opaque minerals: 1st medium to coarse grains of pyrite; 2nd Mt disseminated. 3rd 

Later cpy filling fractures, voids, as inclusion in pyrite and replacing py and mt. 4th Hm 

replacing Mt. 
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Sample ID: ASLL01 

Depth: 47.80 – 48.05 

Rock: Diorite porphyry – grey Qtz veinlets (early) 

Hydrothermal alterations: Mainly potassic 
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Description: Fine grained, euhedral to subhedral magnetite grains, mainly fractures. Magnetite 

occurs disseminated, filling fractures together with cpy and as inclusion in medium grain pyrites. 

Some hematite occurs replacing magnetite. Fine to medium grain of pyrites, poikilitic texture, 

euhedral to subhedral and prismatic crystals. Normally fractured, especially the medium grain 

ones. Some of these intra fractures are filled with cpy. The medium grain pyrites occur in veins, 

while the fine-grained ones, disseminated (more euhedral and less fractured) in the matrix. 

Contact between pyrites varies between rounded and straight. Chalcopyrite occurs filling voids 

and fractures, as well as inclusions in pyrites, replacing pyrites, disseminated in the host rock 

(anhedral and fine grain) and associated with few 

magnetite grains. In which the contacts between them are predominantly rounded. 

Parageneses of opaque minerals: 2 generations of pyrite (fine and medium grain). Cpy 

generation event, where it fills fractures of pyrites, appears as inclusions and replaces pyrite. 

Cpy also replaces mt. Later oxidation of magnetite forming hematite. 
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Sample ID: ASLL03 

Depth: 51.3-51.4 

Rock: Diorite porphyry – milky Qtz vein. 
Hydrothermal alterations: Propylitic, Silicification. 
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Description: Subhedral to euhedral megacrystals (<5mm) of pyrite. Fractured and with 

chalcopyrite filling. Subhedral to euhedral, prismatic microcrystals of pyrite, mainly disseminated 

in the silica rich matrix. Pyrite also occurs in clusters. Chalcopyrite occurs filling fractures and voids 

of the qtz vein and in the megacrystal of pyrite. 

Parageneses of opaque minerals: 1st Pyrite. 2nd Chalcopyrite. 

 

 

Sample ID: ASLL04 

Depth: 53.15-53.3 

Rock: Diorite porphyry – milky/vuggy Qtz vein. 
Hydrothermal alterations: Propylitic, potassic. 
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Description: Subhedral to euhedral megacrystals of pyrite, fractured. Intracrystal fractures filled 

with chalcopyrite. 

Parageneses of opaque minerals: 1st Pyrite, 2nd Chalcopyrite. 
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Sample ID: ASLL02 

Depth: 54.46-54.61 

Rock: Diorite porphyry – Qtz vein and disseminated sulphides. 
Hydrothermal alterations: Propylitic, Silicification. 
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Description: In general, there is a small amount of chalcopyrite, which when occurs, appears filling 

some voids of the host rock and as inclusion of few poikilitic pyrites. Pyrite is predominant sulphide 

and forms multidirectional veins. The crystals occur as fine to medium grain size, euhedral to 

subhedral, mainly prismatic and tabular. Also, they are fractured, but there is no 

other sulphide filling these. Rutile is present associated with some pyrite crystals. 

Parageneses of opaque minerals: 1st Pyrite; 2nd Chalcopyrite 
 



91  

Sample ID: ASLL05 

Depth: 56.84-57.1 

Rock: Diorite porphyry – filling fractures in vuggy Qtz vein 
Hydrothermal alterations: Propylitic, silicification 
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Description: Chalcopyrite occurs disseminated (fine grain), replacing locally pyrite and filling 

fractures and as inclusions of pyrite crystals. Magnetite (mt) occurs as inclusions in pyrites or 

disseminated (anhedral do subhedral crystals) in contact with them, thus replacing py. Rutile 

also occurs as minor inclusion in pyrites. Coarse grain pyrites (phenocrysts), anhedral to 

euhedral, mostly fractured. Pyrites occur as veins (subhedral), disseminated (anhedral) and 

filling fractures of the Qtz vein. 

Parageneses of opaque minerals: 1st Pyrite; 2nd Chalcopyrite, magnetite. 
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Sample ID: ASLL11 

Depth: 68.05-68.12 

Rock: Milky Qtz vein – sulphides filling fractures in the Qtz vein 
Hydrothermal alterations: Silicification 
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Description: Pyrite vein, fractured. Subhedral to anhedral crystals, and some with poikilitic 

texture. As inclusions in pyrites there are chalcopyrite and minor inclusions of magnetite and 

bornite (pinkish brown). All of them replacing py. Chalcopyrite appears filling fractures in the 

Qtz vein, also filling voids and fractures of pyrite crystals. Moreover, it arises disseminated, in 

fine grain size, anhedral to subhedral crystals. Magnetite occurs as subhedral fine grained 

crystals, disseminated in the Qtz vein. Magnetite is partially replaced by hematite. 

Parageneses of opaque minerals: 1st Pyrite; 2nd Chalcopyrite, magnetite. 3rd Bornite, 

hematite. 
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Sample ID: ASLL14 

Depth: 79.61-79.73 

Rock: Diorite porphyry – massive sulphides filling fractures, associated with milky Qtz veins 
Hydrothermal alterations: Propylitic, phyllic 
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Description: Megacrystals of chalcopyrite (< 5 mm), fractured. Chalcopyrite also appears filling 

fractures of pyrites from a previous generation event and filling fracture in the host rock. 

Possibly, there are two generation events of pyrites: First, an early event forming coarse grain 

pyrites, which was posteriorly fractured and locally replaced by the chalcopyrite. These early 

pyrites are anhedral to subhedral. Then, a late event generating fine grain pyrites, that forms 

veinlets within the chalcopyrite, also appears filling fractures and voids. These late pyrites are 

subhedral to euhedral. 

Parageneses of opaque minerals: 1st Pyrite, 2nd Chalcopyrite, 3rd Pyrite (fine grain-euhedral) 
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Sample ID: ASLL15 

Depth: 83.73-83.84 

Rock: Diorite porphyry – sulphides associated with milky and grey Qtz veins 

Hydrothermal alterations: Propylitic, potassic, silicification 
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Description: Major pyrite vein (bottom area of photo A): Medium to fine grain pyrites, 

subhedral to anhedral crystals and fractured, which chalcopyrite appears filling these fractures. 

Some pyrites show poikilitic texture, with inclusions of chalcopyrite, magnetite, magnetite plus 

hematite, and minor bornite. Irregular pyrite veinlets: fine grain, subhedral to anhedral crystals, 

with rounded edges with few disseminated magnetite. The major py vein cuts the thin one 

(photo A). Disseminated in the host rock there are fine grained subhedral pyrites, fine grained 

sub- to anhedral chalcopyrite and magnetite. Locally is possible to see hematite 

replacing magnetite. 

Parageneses of opaque minerals: 1st Pyrite (fine grain), first generation magnetite 

(disseminated); 2nd Pyrite (medium to fine grain in the major vein), 3rd Chalcopyrite, 4th bornite 

(pyrite inclusion), hematite replacing magnetite. 
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Sample ID: ASLL08 

Depth: 107.15-107.25 

Rock: Diorite porphyry – sulphides filling fractures in grey Qtz veinlets and disseminated. 
Hydrothermal alterations: Propylitic, potassic, silicification 
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Description: Vein composed of fractured pyrite, chalcopyrite filling these fractures, voids, also 

replacing locally pyrite and as inclusions, few magnetite, hematite and very few sphalerites. 

Anhedral to subhedral pyrites, with angular to rounded edges. Some pyrite crystals show 

poikilitic texture with inclusions of chalcopyrite, minor magnetite, hematite (replacing partially 

magnetite) and sphalerite. The partial replacement of pyrite by chalcopyrite creates fine 

grained pyrite fragments as relics in contact with the chalcopyrite mass (rounded edges). Also, 

in contact with the chalcopyrite mass, fine grained magnetite with rounded edges are present. 

As disseminations, fine-grained, sub- to anhedral pyrites with rounded edges occur. They are 

generally associated with chalcopyrite, which is replacing them. Moreover, few magnetite 

crystals are disseminated, and partially are being replaced by hematite. 

Parageneses of opaque minerals: 1st Pyrite (coarse grain), magnetite; 2nd Chalcopyrite; 3rd 

Hematite. 
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Sample ID: ASLL09 

Depth: 110.26-110.38 

Rock: Diorite porphyry – sulphides disseminated and bordering Qtz(grey)+Mt veinlets. Mt is 
more concentrated in the borders of the Qtz vein. 

Hydrothermal alterations: Propylitic, potassic, silicification 
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Description: Quartz vein mineralised with pyrite, chalcopyrite and magnetite that occur 

mainly filling fractures and voids within it. Locally, hematite replaces magnetite (photo B). 

Magnetite and hematite occur associated with chalcopyrite in the quartz vein, which the later 

mineral is observed also as inclusions of some magnetite crystals. Pyrites appears as subhedral 

to anhedral fine grain crystals, partially fractured and some with poikilitic texture, having 

chalcopyrite and magnetite as fine-grained inclusions. Commonly these fractures are filled 

with chalcopyrite, but also magnetite can be found filling some of them. Chalcopyrite also fill 

fractures within the Qtz vein. The borders between chalcopyrite and pyrite are rounded, and 

sometimes straight. Chalcopyrite appears also disseminated in the quartz vein, as subhedral 

fine-grained crystals. Along the edges of the Qtz vein, magnetite develops in a greater amount. 

Is noticeable the enrichment in magnetite in the depth compared to the other samples. Most 

magnetite crystals are subhedral to anhedral, fine to medium grain and fractured. Moreover, 

some of them contain chalcopyrite inclusions. Magnetite with the same characteristics occur 

disseminated in the Qtz vein. 

Parageneses of opaque minerals: 1st Magnetite, 2nd Pyrite, 3rd Hematite and Chalcopyrite. 
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Sample ID: ASLL16 

Depth: 123.64-123.88 

Rock: Diorite porphyry – Disseminated sulphides, filling fractures and associated with 
vuggy/milky Qtz veins 

Hydrothermal alterations: Propylitic overprinting potassic 
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Description: Pyrite vein: fine to medium grain pyrite crystals, fractured, prismatic, mainly 

subhedral and showing poikilitic texture. The borders between these pyrites are rounded to 

straight. Some of these fractures, especially the ones located closer to the vein edges, are filled 

with chalcopyrite. Pyrites also appear as fine grain disseminated in the ground mass. 

Chalcopyrite is less abundant in these sample and is mainly filling some voids/fractures in the 

Qtz vein, disseminated (fine grain, sub- to anhedral), or filling some pyrite fractures. 

Parageneses of opaque minerals: 1st Pyrite, 2nd Chalcopyrite 
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Sample ID: ASLL17 

Depth: 129.70-129.87 

Rock: Diorite porphyry – massive sulphides associated with milky vuggy quartz veins 
Hydrothermal alterations: Propylitic overprinting potassic 
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Description: Two populations of pyrites are observed in this sample: i) disseminated coarse 

grain crystals, prismatic, mainly euhedral, fractured and with chalcopyrite filling partially them; 

and ii) disseminated fine grain crystals, euhedral to subhedral, less fractures than the coarse 

grain ones and shows a poikilitic texture. The inclusions in these crystals comprise magnetite 

plus hematite replacing it locally, chalcopyrite, possibly minor bornite. Chalcopyrite occurs 

predominantly as an amorphous mass that fills voids and fractures either in the Qtz vein and in 

the coarse-grained pyrites. Chalcopyrite is also replacing pyrites and as inclusions in the fine- 

grained pyrites. 

Parageneses of opaque minerals: 1st Pyrites; 2nd Chalcopyrite. 
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Sample ID: ASLL06 

Depth: 141.33-141.56 

Rock: Diorite porphyry – Sulphides associated with milky vuggy Qtz vein. 
Hydrothermal alterations: Propylitic 
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Description: Possibly, two pyrite generations are observed: 1) Coarse grain pyrite intensely 

fractured (breccia like), prismatic, subhedral to euhedral crystals, which edges are rounded. 

These fractures are commonly filled with chalcopyrite. 2) Fine grain, euhedral pyrites 

disseminated in the Qtz vein, with straight to rounded edges and less fractured. Few inclusions 

of magnetite, rutile and other undistinguished phases (possibly sphalerite) are observed in some 

crystals of both pyrite generations, more abundant in the fine-grained crystals thought. As well 

as filling voids and as inclusions in the chalcopyrite mass. Chalcopyrite occur as a mass filling 

fractures and voids in the Qtz vein and within pyrites, as well as replacing pyrite in general. This 

suggests its later crystallisation in relation with the pyrites. Magnetite also occur as subhedral to 

anhedral fine-grained crystals disseminated in the ground mass, possibly formed in an earlier 

stage. Locally hematite appears replacing magnetite. 

Parageneses of opaque minerals: 1st Magnetite/Pyrites, 2nd Chalcopyrite, 3rd Hematite 
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Sample ID: ASLL07 

Depth: 142.36-142.52 

Rock: Diorite porphyry – Sulphides associated with milky vuggy Qtz vein. 
Hydrothermal alterations: Propylitic 
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Description: There was observed at least two generations of pyrite: 1) fine to medium grain, 

euhedral, with poikilitic texture (porous) and inclusions of chalcopyrite, magnetite and hematite 

(locally replacing magnetite). 2) coarse grain, euhedral to subhedral crystals, fractured and porous 

(poikilitic texture), within which chalcopyrite crystalises. These fractures are partially filled with 

chalcopyrite. Chalcopyrite occur as anhedral fine grain crystals disseminated and as a mass filling 

voids and fractures in the Qtz vein and within pyrites. This mass is also fractured. Chalcopyrite 

replaces pyrite, and the edges between these minerals are rounded to straight. Magnetite and 

hematite appear as fine grain anhedral crystals disseminated either in the Qtz vein or in the 

chalcopyrite mass. These minerals are also found as inclusions in pyrites (filling the porous). 

Hematite occurs exclusively associated with magnetite, replacing it. 

Parageneses of opaque minerals: 1st Magnetite, 2ndPyrites, 3rd Chalcopyrite, 4th Hematite. 
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Sample ID: ASLL10 

Depth: 157.73-157.9 

Rock: Granitoid porphyry 
filling fractures 

– Sulphides associated with milky Qtz veinlets, disseminated and 

Hydrothermal alterations: Propylitic overprinting potassic. Sericitic. 
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Description: Sulphide vein composed of fine to coarse grain subhedral fractured pyrites. Some 

of these fractured are filled with chalcopyrite. The coarse grain pyrite crystals are more intensely 

fractured compared to the fine-grained ones. Fine grain sub- to euhedral pyrites also occur 

disseminated, filling fractured and voids in the Qtz vein. These are more porous than the coarse 

grain pyrites. Pyrite edges are rounded to straight. Few inclusions of chalcopyrite and rutile are 

observed specially in the fine grain pyrites. Chalcopyrite occur predominantly as filling fractures 

of the pyrites and replacing partially them. Moreover, appear disseminated in Qtz vein as fine 

grain anhedral crystals, as well as filling fractured and voids in it. 

Parageneses of opaque minerals: 1st Pyrites, 2nd Chalcopyrite 
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Sample ID: ASLL13 

Depth: 197.45-197.54 

Rock: Diorite porphyry – sulphides disseminated in milky Qtz vein. 
Hydrothermal alterations: Propylitic, potassic-silicification 
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Description: Fine to medium grain porous pyrites (poikilitic texture alike), which these porous 

are filled with chalcopyrite, magnetite and rutile (rt). The medium grain pyrites are sometimes 

fractured, in which chalcopyrite is a filler. Moreover, these are sub- to anhedral crystals. The 

fine grain pyrites are euhedral to subhedral, and fractures are not common. Border between 

pyrites are mostly rounded. Chalcopyrite appear also filling fractures and voids in the Qtz vein. 

Locally chalcopyrite replaces pyrite, which can be observed associated with the rounded 

borders of some medium grain pyrites. Magnetite is present filling voids in pyrite crystals (also 

replacing pyrite) and as fine grain anhedral to subhedral crystals, disseminated in the Qtz vein 

and filling voids within it. Also, as fine grained subhedral crystals, fractured, with hematite 

replacing it locally, and chalcopyrite filling some fractures. Chalcopyrite also appears 

surrounding magnetite. 

Parageneses of opaque minerals: 1st Pyrites; 2nd Magnetite; 3rd Chalcopyrite; 4th Hematite. 



103  

APPENDIX 2  
Orexplore GeoCore X10 XRF whole-rock chemical results in average element concentration from the target depths. Note: in red, the 

measured elements considered as critical by the European Union are highlighted. 
 

Sample ID Depth From Depth To Mass Density Density Al Ba Br C Ca Cd Ce Co Cr Cu Fe H K Mg 
 

Mn 

Unit m m g g/cm3 g/cm3 g/t g/t g/t g/t g/t g/t g/t g/t g/t % % g/t g/t g/t 
 

g/t 

Type    Estimated Measured Inferred Measured Measured Inferred Measured Measured Measured Measured Measured Measured Measured Inferred Measured Inferred 
 

Measured 

ASLL12 38.87 38.88 33.07 2.65 2.61 42829.42 829.08 48.67 7862.50 30087.25 0.00 0.00 1645.83 0.00 0.37 3.68 4855.25 44749.00 22371.67 
 

892.17 

ASLL01 47.95 47.96 27.29 2.46 2.56 51579.41 1602.56 18.39 11843.12 33087.61 0.00 0.00 1083.00 298.60 0.15 3.55 7159.49 63578.20 28531.39 
 

710.95 

ASLL03 51.35 51.36 27.23 2.61 2.57 32989.45 675.27 1.60 3704.68 18443.77 0.00 0.00 1228.86 0.00 0.05 2.24 5104.77 29847.55 28041.41 
 

321.32 

ASLL04 53.21 53.22 20.51 2.66 2.53 52319.42 1049.00 28.59 7485.46 27973.81 0.00 0.00 1452.90 81.75 0.20 3.32 6630.46 44769.83 50352.96 
 

600.18 

ASLL02 54.51 54.52 32.22 2.65 2.60 37710.71 692.54 15.14 2826.09 17272.17 0.00 0.00 0.00 0.00 0.06 1.46 4778.83 25960.17 48218.67 
 

247.15 

ASLL05 56.99 57.00 30.78 2.83 2.64 26406.94 245.33 25.97 1242.18 27251.06 0.00 0.00 780.80 0.00 0.11 2.48 2975.94 4805.77 46529.03 
 

204.80 

ASLL11 68.10 68.10 27.04 2.61 2.63 36766.42 321.79 25.80 4443.88 22019.03 0.00 0.00 0.00 0.00 0.09 1.77 5511.24 20631.27 78214.15 
 

863.00 

ASLL14 79.69 79.70 30.44 2.87 2.66 37722.41 718.82 17.75 1154.50 21657.59 68.00 0.00 764.70 0.00 0.19 3.18 3499.32 17692.86 39562.86 
 

92.86 

ASLL15 83.80 83.81 23.72 2.54 2.57 41968.26 931.93 13.12 6010.70 24762.19 0.00 0.00 601.27 0.00 0.16 2.51 5617.85 41839.96 29118.11 
 

466.06 

ASLL08 107.14 107.15 28.47 2.70 2.47 35306.38 473.55 22.43 4101.49 25468.78 0.00 0.00 334.00 0.00 0.39 3.31 4160.04 20870.89 41992.40 
 

301.40 

ASLL09 110.30 110.31 32.84 2.70 2.55 45999.60 563.68 14.80 3438.12 22058.96 3.40 0.00 830.16 0.00 0.11 2.63 3559.96 40801.72 28902.68 
 

367.50 

ASLL16 123.75 123.76 27.33 2.72 2.64 48079.11 937.52 26.73 3464.55 24589.11 0.00 0.00 847.79 0.00 0.21 3.06 3860.28 31520.14 40783.22 
 

482.58 

ASLL17 129.80 129.81 21.19 2.72 2.51 59207.33 1003.89 11.21 4753.08 26473.81 0.00 0.00 0.00 0.00 0.17 3.07 3730.56 52479.33 20655.19 
 

239.07 

ASLL06 141.44 141.45 25.97 2.86 2.72 39284.49 532.73 22.70 3315.97 28398.34 2.80 0.00 867.78 0.00 0.43 4.56 3535.66 20085.68 37713.20 
 

365.34 

ASLL07 142.44 142.45 22.03 2.61 2.47 38893.17 479.56 40.04 7892.36 29683.25 0.00 0.00 1380.31 194.40 0.30 3.21 5905.86 20107.11 50146.39 
 

516.32 

ASLL10 157.85 157.85 32.52 2.64 2.58 44721.52 932.45 5.00 2330.67 16221.12 0.00 0.00 0.00 0.00 0.16 1.94 5416.27 32845.82 58658.24 
 

273.25 

ASLL13 197.50 197.51 21.59 2.75 2.42 33863.59 274.55 14.83 2295.60 22072.41 0.00 0.00 534.13 0.00 0.11 2.70 3758.00 5377.05 53405.23 
 

293.40 
                    

 

 
 

Sample ID Depth From Depth To Mass Density Density Mo Na Nd O P Rb S Se Si Sn Sr Ti V Zn Zr 

Unit m m g g/cm3 g/cm3 g/t g/t g/t g/t g/t g/t % g/t g/t g/t g/t g/t g/t g/t 
 

g/t 

Type    Estimated Measured Measured Inferred Measured Inferred Inferred Measured Measured Measured Inferred Measured Measured Measure Measured Measured 
 

Measured 

ASLL12 38.87 38.88 33.07 2.65 2.61 0.00 2985.08 0.00 494293.83 0.00 74.92 1.94 41.25 286036.00 0.00 168.33 192.58 0.00 0.00 
 

125.25 

ASLL01 47.95 47.96 27.29 2.46 2.56 0.00 4174.73 0.00 498894.51 0.00 89.76 0.42 0.00 253571.98 0.00 226.41 3784.32 0.00 45.76 
 

126.95 

ASLL03 51.35 51.36 27.23 2.61 2.57 0.00 2717.55 0.00 510796.50 0.00 61.95 1.60 0.00 324078.18 0.00 85.41 3809.73 0.00 2.80 
 

68.59 

ASLL04 53.21 53.22 20.51 2.66 2.53 0.00 4157.08 0.00 501079.85 0.00 61.25 1.55 32.00 251803.15 0.00 192.85 4207.38 0.00 234.25 
 

156.96 

ASLL02 54.51 54.52 32.22 2.65 2.60 68.22 2544.38 0.00 513920.54 0.00 52.96 1.46 0.00 314179.42 0.00 104.92 2353.30 0.00 0.00 
 

66.30 

ASLL05 56.99 57.00 30.78 2.83 2.64 0.00 1687.72 0.00 500963.16 0.00 24.25 4.55 0.00 316469.38 54.60 51.25 2289.67 1837.00 24.20 
 

46.18 

ASLL11 68.10 68.10 27.04 2.61 2.63 0.00 2798.21 547.50 517316.15 117.50 48.61 1.35 0.00 282911.12 0.00 93.48 1339.91 0.00 29.10 
 

71.64 

ASLL14 79.69 79.70 30.44 2.87 2.66 21.44 2363.09 0.00 492015.91 0.00 74.59 4.23 0.00 304732.91 0.00 96.09 2137.86 0.00 1.67 
 

112.41 

ASLL15 83.80 83.81 23.72 2.54 2.57 0.00 3484.96 0.00 503100.48 0.00 70.30 1.51 0.00 295812.19 0.00 121.89 4596.74 0.00 63.00 
 

102.59 

ASLL08 107.14 107.15 28.47 2.70 2.47 0.00 2318.22 0.00 498345.51 0.00 47.92 3.04 17.60 297204.69 0.00 96.36 1982.07 0.00 30.17 
 

67.04 

ASLL09 110.30 110.31 32.84 2.70 2.55 0.00 1704.72 0.00 494391.32 0.00 46.84 2.46 25.50 302505.40 0.00 126.68 2593.32 0.00 29.60 
 

66.96 

ASLL16 123.75 123.76 27.33 2.72 2.64 0.00 2176.94 0.00 492093.06 0.00 47.06 3.21 0.00 285367.78 0.00 119.78 1848.61 0.00 33.53 
 

69.42 

ASLL17 129.80 129.81 21.19 2.72 2.51 0.00 2250.59 0.00 481976.96 121.00 77.83 3.12 0.00 280224.22 0.00 126.78 3828.57 1379.67 9.60 
 

92.15 

ASLL06 141.44 141.45 25.97 2.86 2.72 0.00 2157.39 0.00 481482.73 0.00 19.64 5.14 26.70 281642.46 0.00 89.32 1715.11 0.00 0.00 
 

47.76 

ASLL07 142.44 142.45 22.03 2.61 2.47 0.00 3263.78 278.50 509772.83 59.50 50.00 1.71 11.80 278337.92 0.00 101.25 2428.69 0.00 28.00 
 

57.56 

ASLL10 157.85 157.85 32.52 2.64 2.58 0.00 3225.21 0.00 507451.55 0.00 56.88 1.60 0.00 289868.36 0.00 116.48 1736.65 0.00 89.00 
 

84.12 

ASLL13 197.50 197.51 21.59 2.75 2.42 0.00 2397.32 0.00 505989.82 0.00 0.00 3.33 5.00 308808.91 0.00 75.18 706.41 0.00 19.67 
 

26.60 
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APPENDIX 3 
Pearson’s correlation matrix for the elements generated based on Orexplore GeoCore X10 XRF whole-rock chemical data.

 
 

Al Ba Br C Ca Cd Co Cr Cu Fe H K Mg Mn Mo Na Nd O P Rb S Se Si Sn Sr Ti V Zn Zr

Al 1

Ba 0.77328 1

Br -0.0258 -0.1271 1

C 0.50534 0.63829 0.40535 1

Ca 0.29209 0.29451 0.65574 0.70337 1

Cd -0.1157 -0.0138 -0.0712 -0.3271 -0.1576 1

Co 0.02168 0.18354 0.54407 0.50171 0.575 0.02384 1

Cr 0.30631 0.52413 0.23322 0.80009 0.60011 -0.1129 0.40643 1

Cu 0.08377 -0.0173 0.57426 0.22585 0.54968 0.01508 0.3279 0.05592 1

Fe 0.27768 0.22633 0.45507 0.37959 0.76606 0.12736 0.56305 0.29655 0.8053 1

H 0.34053 0.58084 0.09985 0.78987 0.22965 -0.2819 0.26262 0.68691 -0.0939 -0.0684 1

K 0.84473 0.88189 -0.0509 0.70856 0.33063 -0.2048 0.18992 0.41742 -0.0032 0.19764 0.54527 1

Mg -0.3642 -0.4579 0.06771 -0.2788 -0.3417 -0.0451 -0.3845 -0.0696 -0.2036 -0.4534 0.14099 -0.5566 1

Mn 0.25073 0.25909 0.59768 0.72476 0.48373 -0.3832 0.38984 0.37921 0.18017 0.17109 0.60943 0.42259 0.10308 1

Mo -0.1529 -0.0217 -0.1403 -0.2542 -0.4358 0.23827 -0.3356 -0.1317 -0.2877 -0.4227 -0.0645 -0.1332 0.10662 -0.3105 1

Na 0.39452 0.65202 0.11892 0.77182 0.30082 -0.1545 0.31858 0.65237 0.00576 0.07814 0.95309 0.55 0.06291 0.53598 -0.1018 1

Nd -0.1752 -0.3594 0.29953 0.12762 0.00326 -0.0945 -0.1742 0.13359 -0.0989 -0.2804 0.27533 -0.2222 0.65962 0.499 -0.1101 0.10841 1

O -0.456 -0.2555 -0.097 0.01499 -0.445 -0.2349 -0.1533 0.11055 -0.537 -0.7534 0.47204 -0.2744 0.62338 0.19457 0.27227 0.31596 0.50628 1

P 0.26726 -0.1211 0.07665 0.10694 0.07715 -0.121 -0.3852 0.02698 -0.1051 -0.1635 0.05944 0.08497 0.24287 0.2288 -0.141 -0.0376 0.69921 0.05493 1

Rb 0.57186 0.76713 -0.0153 0.55554 0.17359 0.22402 0.14122 0.35636 -0.0448 0.0309 0.51938 0.78773 -0.4487 0.28138 0.07115 0.52866 -0.0648 -0.0921 0.15106 1

S -0.3157 -0.4939 0.04515 -0.645 0.05679 0.36765 -0.0659 -0.4786 0.35536 0.40476 -0.8667 -0.5781 -0.077 -0.5567 -0.091 -0.7409 -0.2758 -0.6115 -0.1199 -0.5547 1

Se 0.15342 -0.0473 0.5913 0.29247 0.42211 -0.1475 0.57155 -0.0264 0.63334 0.58096 0.02445 0.17385 -0.2254 0.39482 -0.2237 0.07441 -0.1395 -0.3356 -0.2321 -0.0607 0.08065 1

Si -0.7166 -0.6148 -0.3863 -0.7512 -0.6507 0.1746 -0.268 -0.6311 -0.3638 -0.5043 -0.6188 -0.6036 -0.0222 -0.595 0.3378 -0.6697 -0.1781 0.24686 -0.2386 -0.3805 0.3304 -0.3227 1

Sn -0.4764 -0.3579 0.11496 -0.3077 0.14721 -0.0685 0.02622 -0.1031 -0.1901 -0.1299 -0.3699 -0.4127 0.09014 -0.2493 -0.0798 -0.3633 -0.0863 0.01853 -0.1104 -0.3288 0.4076 -0.1752 0.32315 1

Sr 0.75236 0.85968 0.21329 0.82396 0.48799 -0.1297 0.38531 0.6075 0.10876 0.3303 0.68373 0.87683 -0.3384 0.57583 -0.109 0.72706 -0.1726 -0.1752 -0.0906 0.66946 -0.5893 0.33914 -0.7779 -0.391 1

Ti 0.40174 0.52384 -0.4262 0.33527 0.10976 -0.0689 0.07667 0.32442 -0.3108 -0.0543 0.41127 0.52357 -0.3629 -0.1352 -0.038 0.41377 -0.2124 -0.03 0.04561 0.48977 -0.3343 -0.2531 -0.2271 -0.0323 0.34031 1

V -0.0471 -0.1636 -0.0354 -0.2449 0.18626 -0.0989 -0.1959 -0.1489 -0.1821 -0.0637 -0.4345 -0.1211 -0.1495 -0.3361 -0.1153 -0.4031 -0.1246 -0.2699 0.31273 -0.0981 0.4138 -0.253 0.17745 0.78602 -0.2873 0.15242 1

Zn 0.39372 0.3512 0.04446 0.30219 0.11753 -0.175 0.20557 0.21901 -0.0469 0.01765 0.5435 0.3019 0.25334 0.21466 -0.2186 0.61902 -0.0567 0.13044 -0.1356 0.13357 -0.3372 0.25696 -0.5687 -0.0619 0.48943 0.41846 -0.1309 1

Zr 0.60546 0.75164 0.18914 0.59037 0.32512 0.21918 0.35701 0.32846 0.08012 0.22897 0.5845 0.73104 -0.285 0.41646 -0.0424 0.69322 -0.1558 -0.1569 -0.061 0.80264 -0.4532 0.28231 -0.6125 -0.271 0.82555 0.41472 -0.174 0.56641 1
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APPENDIX 4 
Trace elements in pyrite by LA-ICP-MS 

 

Sample ID Depth (m) 
Concentration (ppm) 

Mn55 -> 71 Co59 -> 75 Ni60 -> 60 Cu63 -> 63 Zn66 -> 66 Ga69 -> 69 As75 -> 91 Se77 -> 77 Se80 -> 96 Mo95 -> 95 Pd105 -> 105 

ASLL15 (V1) 83            

Average  0.29 133.02 23.33 32.82 1.26 0.03 0.47 253.30 257.19 1.07 1.84 

Std  0.04 156.91 14.79 76.77 4.01 0.00 0.88 106.89 108.26 3.89 0.27 

Min  0.19 0.73 4.07 0.51 0.09 0.02 0.06 87.85 83.71 0.01 1.40 

Max  0.36 468.45 50.97 285.27 15.74 0.04 3.42 402.86 403.36 15.13 2.32 

ASLL09 (V2) 110            

Average  0.23 673.46 39.12 538.75 9.61 1.28 86.52 292.94 293.78 0.05 1.83 

Std  139.08 366.08 44.90 711.52 14.39 1.73 151.49 222.74 223.35 0.07 0.75 

Min  0.23 366.39 1.38 0.75 0.07 0.02 1.55 110.56 107.26 0.02 1.07 

Max  0.23 1245.85 115.68 1667.60 32.66 3.60 354.59 589.19 587.08 0.17 3.09 

ASLL02 (V4) 54            

Average  0.31 37.76 3.64 0.60 4.60 0.03 2.00 127.50 129.09 0.02 1.64 

Std  0.04 46.61 3.04 1.08 17.11 0.00 4.17 28.23 28.85 0.00 0.25 

Min  0.26 1.81 0.18 0.04 0.09 0.03 0.07 97.03 98.13 0.01 1.28 

Max  0.37 164.18 9.76 3.67 66.43 0.04 15.03 201.77 209.03 0.03 2.14 

ASLL14 (V4) 79            

Average  0.23 34.15 5.42 8.69 0.10 0.03 4.03 208.96 208.41 0.01 3.39 

Std  0.08 63.34 3.23 14.37 0.03 0.01 5.62 128.41 128.42 0.01 1.06 

Min  0.14 0.28 1.66 0.68 0.06 0.02 0.70 63.35 63.96 0.01 2.14 

Max  0.30 147.22 8.67 34.16 0.12 0.03 13.93 394.44 393.92 0.02 4.24 

ASLL04 (V6) 53            

Average  0.24 4.43 1.06 857.26 0.11 0.03 0.74 216.56 216.25 0.02 2.76 

Std  0.06 4.88 1.26 2841.96 0.06 0.01 0.45 86.28 87.23 0.01 0.67 

Min  0.14 0.41 0.11 0.04 0.06 0.02 0.07 81.25 80.15 0.01 1.75 

Max  0.33 12.36 3.15 9426.09 0.28 0.03 1.36 321.77 321.65 0.03 3.54 

ASLL10 (V6) 157            

Average  0.28 16.43 10.95 518.60 19.63 0.79 81.72 83.81 83.76 0.41 2.81 

Std  0.03 46.60 23.83 772.58 34.91 1.57 202.44 36.75 36.35 1.24 0.43 

Min  0.21 0.23 0.11 0.04 0.09 0.03 0.06 42.99 44.52 0.01 2.07 

Max  0.31 156.51 79.78 2230.99 96.96 5.17 680.57 155.91 155.80 4.15 3.56 

ASLL17 (V6) 129            

Average  0.42 77.23 6.86 44393.91 30.72 1.81 21.72 213.76 215.31 4.57 2.57 

Std  0.37 79.31 8.29 131482.41 86.98 4.36 50.64 143.71 146.08 12.92 1.84 

Min  0.19 0.79 0.09 0.16 0.07 0.02 0.85 44.30 46.05 0.01 1.38 

Max  1.27 218.96 23.81 418031.00 278.06 14.06 164.53 498.93 507.23 41.24 7.68 

ASLL07 (V6) 142            

Average  0.33 70.05 3.83 439.12 9.72 0.48 4.27 278.31 281.62 0.69 2.31 

Std  0.07 74.05 4.57 932.36 37.30 1.49 6.13 195.61 198.98 1.80 0.91 

Min  0.20 1.37 0.16 0.18 0.07 0.02 0.06 45.95 48.66 0.00 1.10 

Max  0.45 237.60 13.89 3475.34 149.59 6.04 21.05 653.24 663.95 5.65 3.66 
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APPENDIX 4: Trace elements in pyrite by LA-ICP-MS (continuation) 
 

Sample ID Depth (m) 
Concentration (ppm) 

Ag107 -> 107 Cd111 -> 111 In115 -> 115 Sn118 -> 118 Sb121 -> 137 Te128 -> 128 Re187 -> 187 Au197 -> 197 Hg202 -> 202 Pb208 -> 208 Bi209 -> 209 

ASLL15 (V1) 83            

Average  0.21 0.34 0.01 0.07 0.03 1.31 17.94 0.01 17.63 2.09 1.40 

Std  0.45 0.05 0.00 0.14 0.02 1.54 17.38 0.02 7.52 4.57 2.45 

Min  0.02 0.26 0.01 0.02 0.00 0.25 1.30 0.00 10.90 0.02 0.02 

Max  1.64 0.45 0.01 0.58 0.08 5.42 48.72 0.06 35.53 17.67 9.12 

ASLL09 (V2) 110            

Average  5.72 0.29 0.02 0.17 0.22 5.40 1.22 0.07 28.05 21.02 9.00 

Std  10.60 0.06 0.01 0.16 0.26 6.18 0.27 0.07 7.58 26.85 10.78 

Min  0.02 0.19 0.01 0.02 0.06 1.90 0.85 0.01 17.31 2.58 0.35 

Max  24.55 0.34 0.04 0.39 0.66 16.40 1.61 0.16 38.15 67.61 27.49 

ASLL02 (V4) 54            

Average  0.10 0.31 0.01 0.04 0.03 2.18 1.42 0.02 19.26 1.38 2.05 

Std  0.26 0.04 0.00 0.02 0.01 3.35 0.19 0.05 6.72 2.51 5.61 

Min  0.02 0.25 0.01 0.02 0.00 0.28 1.14 0.00 13.41 0.02 0.02 

Max  1.03 0.38 0.01 0.10 0.04 12.33 1.86 0.20 42.22 8.82 21.48 

ASLL14 (V4) 79            

Average  0.19 0.30 0.01 0.04 0.09 6.58 0.23 0.00 7.12 13.84 0.53 

Std  0.25 0.09 0.00 0.01 0.10 5.74 0.13 0.00 1.52 23.61 0.68 

Min  0.02 0.20 0.01 0.02 0.02 0.35 0.14 0.00 4.50 0.03 0.01 

Max  0.60 0.39 0.01 0.05 0.23 16.00 0.32 0.01 8.48 54.81 1.34 

ASLL04 (V6) 53            

Average  0.32 0.32 0.01 0.03 0.03 8.52 1.01 0.00 6.13 1.14 4.85 

Std  0.84 0.07 0.00 0.01 0.01 8.51 0.75 0.00 2.01 2.78 15.70 

Min  0.01 0.20 0.01 0.02 0.01 1.23 0.11 0.00 3.56 0.01 0.01 

Max  2.85 0.44 0.01 0.04 0.04 30.41 2.44 0.01 10.07 9.29 52.20 

ASLL10 (V6) 157            

Average  0.92 0.62 0.11 0.43 1.64 6.61 2.29 0.16 6.76 15.10 3.45 

Std  1.28 0.49 0.18 0.70 3.38 5.59 0.63 0.22 1.25 34.04 9.26 

Min  0.02 0.32 0.01 0.02 0.02 0.85 1.79 0.00 5.10 0.02 0.02 

Max  3.48 1.89 0.50 1.94 9.51 18.50 3.18 0.68 8.96 115.87 31.17 

ASLL17 (V6) 129            

Average  5.03 1.11 0.49 0.35 0.50 30.27 3.21 0.11 13.59 80.56 15.38 

Std  8.19 1.30 0.97 0.50 1.27 35.20 2.26 0.14 8.38 139.92 14.90 

Min  0.03 0.25 0.01 0.02 0.01 4.26 1.48 0.00 6.71 0.02 0.02 

Max  23.05 3.64 2.53 1.63 4.09 119.67 9.43 0.43 34.83 418.63 44.78 

ASLL07 (V6) 142            

Average  3.96 0.43 0.05 0.07 0.04 66.18 3.67 0.01 70.94 2.35 21.54 

Std  13.76 0.16 0.09 0.08 0.02 83.34 2.32 0.02 92.99 2.75 58.07 

Min  0.02 0.22 0.01 0.01 0.01 2.45 0.82 0.00 5.70 0.02 0.01 

Max  55.42 0.69 0.37 0.36 0.09 265.98 6.59 0.06 283.71 8.44 237.83 
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APPENDIX 5  
Trace elements in chalcopyrite by LA-ICP-MS 

 

Sample ID Depth (m) 
Concentration (ppm) 

S32 -> 64 Mn55 -> 71 Fe56 -> 72 Co59 -> 75 Ni60 -> 60 Zn66 -> 66 Ga69 -> 69 As75 -> 91 Se77 -> 77 Se80 -> 96 Mo95 -> 95 

ASLL09 (V2) 110            

Average  821932.19 2.43 304300.03 0.28 1.35 11.20 218.57 0.92 475.00 473.54 0.19 

Std  (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

Min  (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

Max  (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

ASLL14 (V4) 79            

Average  894955.86 0.89 304300.07 0.13 0.44 7.75 0.13 0.31 307.87 309.49 0.06 

Std  28396.61 0.10 0.02 0.03 0.03 0.87 0.05 0.02 79.15 79.05 0.02 

Min  843464.13 0.71 304300.06 0.08 0.40 6.01 0.09 0.29 147.14 152.72 0.02 

Max  927525.06 1.02 304300.09 0.17 0.50 8.92 0.27 0.37 395.42 399.42 0.09 

ASLL04 (V6) 53            

Average  627599.26 0.33 304300.05 1.85 0.57 0.49 0.03 0.77 187.00 187.96 0.02 

Std  61025.33 0.13 0.03 2.30 0.69 0.54 0.01 0.32 15.55 17.17 0.01 

Min  576778.94 0.24 304300.03 0.53 0.13 0.08 0.03 0.37 168.68 170.10 0.01 

Max  729876.44 0.57 304300.09 5.96 1.79 1.35 0.06 1.17 205.89 210.08 0.04 

ASLL17 (V6) 129            

Average  838626.85 191.57 304300.06 1.65 0.56 43.89 3.39 0.40 228.59 233.87 0.07 

Std  36031.69 466.58 0.00 3.73 0.12 59.49 8.03 0.24 91.12 92.46 0.04 

Min  781301.38 0.86 304300.06 0.09 0.46 7.53 0.09 0.27 83.22 83.46 0.03 

Max  887255.00 1143.96 304300.06 9.26 0.74 149.64 19.78 0.87 369.88 373.27 0.14 

ASLL07 (V6) 142            

Average  812479.85 0.96 304300.05 0.11 0.49 38.38 0.12 0.33 205.34 205.58 0.06 

Std  49907.38 0.07 0.02 0.03 0.04 27.30 0.03 0.03 56.79 56.66 0.03 

Min  745984.19 0.84 304300.03 0.07 0.44 13.11 0.09 0.29 137.33 137.51 0.01 

Max  874053.19 1.10 304300.06 0.18 0.56 88.06 0.21 0.40 273.99 276.91 0.09 

ASLL10 (V6) 157            

Average  792639.01 1.19 304300.07 5.70 0.62 937.02 0.09 0.31 227.48 229.40 0.04 

Std  95630.16 1.08 0.01 12.42 0.25 2274.17 0.02 0.10 43.06 40.42 0.02 

Min  649047.19 0.41 304300.06 0.07 0.42 2.43 0.05 0.24 163.34 161.64 0.01 

Max  910696.75 3.35 304300.09 27.92 0.90 5579.14 0.12 0.48 290.15 282.08 0.07 
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APPENDIX 5: Trace elements in chalcopyrite by LA-ICP-MS (Continuation) 
 

Sample ID Depth (m) Concentration (ppm) 

  Pd105 -> 105 Ag107 -> 107 Cd111 -> 111 In115 -> 115 Sn118 -> 118 Sb121 -> 137 Te128 -> 128 Au197 -> 197 Hg202 -> 202 Pb208 -> 208 Bi209 -> 209 

ASLL09 (V2) 110            

Average  12.21 42.34 2.53 2.27 0.68 0.41 2.67 0.01 284.85 15.83 10.78 

Std  (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

Min  (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

Max  (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-) 

ASLL14 (V4) 79            

Average  16.49 15.03 2.10 1.65 0.94 0.23 3.20 0.02 32.37 59.34 0.94 

Std  2.08 2.97 1.00 0.27 0.24 0.12 2.36 0.01 3.63 31.92 0.57 

Min  14.07 9.02 1.23 1.40 0.56 0.11 1.09 0.00 28.47 27.23 0.47 

Max  19.96 18.97 3.88 2.17 1.28 0.41 7.28 0.05 40.28 107.78 2.43 

ASLL04 (V6) 53            

Average  2.12 8.71 1.65 0.01 0.03 0.06 6.29 0.01 24.52 8.00 20.75 

Std  0.86 11.58 2.08 0.00 0.02 0.03 2.72 0.01 21.24 8.57 28.52 

Min  1.13 0.02 0.23 0.01 0.02 0.02 2.81 0.00 5.32 0.06 0.56 

Max  3.04 28.29 5.24 0.02 0.06 0.09 10.35 0.03 57.96 20.43 61.51 

ASLL17 (V6) 129            

Average  7.23 5.56 3.73 1.92 0.66 0.39 1.64 0.03 35.80 20.47 7.90 

Std  1.97 4.41 3.70 0.69 0.21 0.76 1.15 0.04 8.79 16.59 8.41 

Min  5.77 2.64 1.09 0.58 0.39 0.07 0.98 0.00 26.19 5.17 2.78 

Max  10.04 14.04 9.47 2.48 0.92 1.95 3.94 0.09 47.72 50.79 24.87 

ASLL07 (V6) 142            

Average  6.40 6.32 6.48 2.82 0.86 0.13 2.00 0.03 90.58 3.66 9.83 

Std  1.96 2.19 4.67 0.14 0.14 0.02 1.42 0.07 67.06 2.82 6.11 

Min  4.24 3.98 1.34 2.54 0.53 0.09 1.02 0.01 26.23 0.78 3.64 

Max  8.72 10.12 16.75 3.00 1.00 0.16 5.36 0.22 176.74 9.28 18.78 

ASLL10 (V6) 157            

Average  6.47 4.03 113.34 3.66 1.23 0.09 2.14 0.03 17.85 10.57 13.65 

Std  2.04 1.30 271.51 1.51 0.44 0.05 2.05 0.02 6.11 3.24 4.39 

Min  3.45 2.58 0.57 1.25 0.45 0.03 0.98 0.02 9.04 5.23 6.92 

Max  8.61 6.03 667.56 5.17 1.63 0.17 6.13 0.06 23.86 13.57 18.06 
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